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Abstract 
Neural crest cells (NCC) possess the distinct ability to migrate over long 
distances from the dorsal part of the neural tube to different regions of the 
embryo to give rise to a variety of derivatives. Experimental data based largely 
on findings from avian embryos indicate that NCC from the sacral level migrate 
to the developing hindgut to form part of the enteric nervous system. Sacral NCC 
are thought to arise from the region of the neural tube caudal to somite 28 in the 
chick and somite 24 in the mouse. In the distal hindgut of the chick, sacral NCC 
give rise to nearly 20% of the enteric neurons and also contribute to the 
formation of glia. However, little is known about the migration of sacral NCC in 
mammals, including humans. In addition, effects of SoxlO mutation on sacral 
NCC migration in Dominant megacolon (Dom) mouse, a model of 
Hirschsprung's disease leading to aganglionosis (absence of ganglia) in variable 
lengths of the hindgut are also largely unknown. To determine the early 
migratory pathways prior to the entry of sacral NCC into the hindgut of normal 
and Dom mouse embryos, a combination of techniques including cell labelling 
using wheat germ agglutinin gold conjugates (WGA-Au) and Dil as cell markers, 
whole embryo culture and 3-dimensional reconstruction of embryo using 
computer software were employed. Sacral NCC started their migration at the 26^ 
i 
somite stage by detaching from the dorsal part of the neural tube. At later 
developmental stages, more sacral NCC migrated from a longer rostro-caudal 
segment of the neural tube. After emigrated from the neural tube, most of the 
labelled cells were scattered in a dorsal-to-ventral direction along the 
dorsomedial pathway, which extended from the dorsal neural tube to the 
mesenchymal region between the somite and the neural tube. Some of the sacral 
NCC in the mesenchyme resided in the region of dorsal root ganglia on two sides 
of the neural tube, while the remaining cells continued to migrate ventrally. At 
about the 34^ somite stage, the most ventrally located labelled cells were found 
in the region around the dorsal aorta, but labelled cells had not yet been observed 
in the hindgut mesenchyme of embryos. In addition, although the patterns and 
the rate of migration of sacral NCC of different genotypes (+/+，Dom/+ and 
Dom/Dom) did not differ from each other, the numbers of migrating sacral NCC 
were significantly reduced in heterozygous {Dom/+) and homozygous 
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Chapter One General Introduction 
Chapter One 
General introduction 
1.1 Structure and function of the enteric nervous system 
The enteric nervous system (ENS) is the intrinsic nervous system of the gut. 
In common with the sympathetic and parasympathetic nervous systems, the ENS 
also belongs to the autonomic nervous system (ANS). In terms of cell numbers, 
the ENS possesses approximately 10^ neurons, which is comparable to the spinal 
cord (Gershon et al., 1993). 
Additionally, the ENS has the highest neuronal complexity among the three 
divisions of the autonomic nervous system. Enteric neurons and glial cells are 
clustered to form ganglia, and different ganglia are linked together by nerve fiber 
bundles. Unlike the ganglia of the brain stem, which consist of cluster of neurons 
with morphologically, functionally, and biochemically similar nuclei, enteric 
ganglia consist of various neuronal cell types. Although not in the same 
proportions, neighboring enteric ganglia also possess similar neuronal 
components. They form repeating units of neuronal circuitry under the same 
region of the gastrointestinal tract. In contrast, neuronal components between 
distant enteric ganglia are different in terms of several systematic characters such 
as the ganglion size, varieties of neurons present, projection patterns and 
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connectivity (Brookes, 2001; Costa et al.，1996; Fumess, 2000). Therefore, 
properties of the enteric ganglia vary in different regions of the gastrointestinal 
(GI) tract, in order to allow different regions of the gut to be responsible for 
specific tasks. 
Enteric ganglia are distributed in two complicated interconnecting plexuses, 
namely the myenteric (Auerbach's) and the submucosal (Meissner's) plexus. 
Myenteric plexus is located between the longitudinal and circular muscle layers 
of the gut. It is ubiquitous throughout the entire GI tract and is responsible for 
mediating the motility of the gut. Submucous plexus，on the other hand, is buried 
inside the submucosa, to percept the surrounding environment inside the gut, so 
as to regulate gastrointestinal blood flow and the epithelial cell function. In areas 
where these functions are minimal, submucous plexus will become very sparse. 
In fact, it is absent from the esophagus and stomach. The size of the myenteric 
and submucosa ganglia varies in different regions of the GI tract. Normally, the 
myenteric ganglia are comparatively larger in size than the submucosal ganglia 
in the same region (Kapur, 2000). In addition to the myenteric and submucosa 
plexuses, different types of neurotransmitters located in the central nervous 
system (CNS) can also be found in the ENS (Galligan et al, 2000; Liu et al., 
1997). 
In addition to the enteric neurons and glia, the interstitial cells of Cajal (ICC) 
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also play a very important physiological role in the GI tract. They are networks 
of cells which associate with the external muscle layers of the gut. ICC 
originates in the gut mesenchyme. Its differentiation is mediated by the 
activation of the stem cell factor-Kit signaling pathway through binding of the 
stem cell factor to the tyrosine kinase cell-surface receptor of the ICC, Kit. The 
ICC acts as enteric pacemakers, to mediate neurotransmission from nerves to 
bowel smooth muscle cells (Thuneberg, 1999). Different subpopulations of ICC 
are sparsely distributed in different muscle layers of the gut. While some of the 
ICC subpopulations are responsible for generating electrical current to induce 
rhythmic contractions of the gut, some of them act as intermediaries in 
neuromuscular transmission (Bums et al.，1996; Sanders, 1996; Ward et al., 2000; 
Ward and Sanders, 2001). 
In terms of functional properties, ENS plays an important role in mediating 
a number of complex propulsive motor activities in the gastrointestinal tract 
including peristalsis, secretion，absorption of water and nutrients, transportation 
of electrolyte, modulation of intestinal blood supply, the immune and the 
endocrine system (Vanner and Surprenant, 1996). Unlike the innervations of 
other organs, ENS is capable of carrying out reflex activities without inputs from 
the brain or the spinal cord. Instead, the enteric neurons receive input from the 
ganglia of the sympathetic and parasympathetic nervous system (Luckensmeyer 
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and Keast，1998; Powley, 2000; Trudrung et al., 1994). Moreover, ENS also 
possesses its own motor reflex circuits, which consist of sensory neurons, 
intrinsic primary afferent neurons, intemeurons, excitatory and inhibitory motor 
neurons, showing great functional autonomy (Costa M et al., 1996; Porter et a l , 
1997; Schemann et al., 2001). In the work of Fumess and his colleagues (1995), 
they demonstrated that distention reflexes of the small intestine in guinea-pig are 
intrinsic to the organ itself. After the complete extrinsic denervation, in which all 
the neuronal linkages extending from the small intestine to the CNS, sympathetic 
ganglia and dorsal root ganglia were segregated, ascending and descending 
motility reflexes could still be elicited in the small intestine (Fumess et al.，1995; 
Giaroni et al., 1999). 
Due to the importance of the ENS to the digestive system, it has caught the 
eyes of scientists from different disciplines such as anatomy, neuroscience, 
gastroenterology and developmental biology, and many of their works are mainly 
focused on the cellular origins of the ENS cells including the migratory 
pathways of ENS cells precursors to the gut, signaling transduction pathways 
involved and also their proliferation and differentiation mechanisms. In the 
neural tube ablation studies of Yntema and Hammond (1954), it had been 
verified that enteric neurons and glial cells were derived from the neural crest 
cells (NCC)，a group of multipotent cells detached from the dorsal side of the 
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neural tube (Yntema and Hammond, 1954). 
1.2. Neural crest cells (NCC) 
In 1868, Wilhelm His first recognized a band of cells sandwiched between 
the neural plate and the epidermal ectoderm in chick embryos and they were able 
to give rise to other cell-lineages at a distance from the site of origin. The cells 
that His discovered were in fact the precursors of the cranial ganglia, namely the 
neural crest cells. During neural induction or neurulation, the original flat neural 
plate folds into a tubular structure and becomes the neural tube (Dickinson et al.， 
2004; Schoenwolf and Smith, 1990). Neural crest cells located at the neural crest 
will then undergo an epithelial-to-mesenchymal transition (EMT) and detach 
from the dorsal side of the neural tube. Under precisely controlled mechanism, 
NCC migrate along defined pathways and differentiate into diverse derivatives 
including chondrocytes, pigment cells and craniofacial connective tissues (Le 
Douarin and Kalcheim, 1999). In particular, NCC contribute the majority of the 
peripheral nervous tissues such as neurons and Schwann cells of the dorsal root 
ganglia and also the autonomic nervous system, including the entire ENS 
(Newgreen, 1992). 
Specification of migratory routes of the neural crest cells depends on both 
extracellular environment and the intrinsic properties of the NCC. Before the 
NCC migrate, they reside in different regions of the neural tube, which is 
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sandwiched between a pair of somites (Hall, 1999; Kaufman and Bard, 1999) 
(Fig. 1.1). When the neural tube develops, a new pair of somites is formed about 
every two hours in a rostrocaudal direction (Kulesa and Fraser, 2002). Therefore, 
during the early development of the mouse embryos, the developmental stage 
can be indicated by the number of pairs of somites an embryo possesses; i.e. the 
somite stage. In fact, the position of somites can also act as a very good 
morphological reference to locate the axial level of different embryonic 
structures situated between the rostral and caudal ends of the somite pairs (Chan 
et al , 2005). For instance, the forelimb buds of a mouse embryo are located 
between the 7也 and 11^ pairs of somites along the rostrocaudal direction (Copp， 
1985; Copp et al., 1982). In other words, they are located between the and 
11出 somite levels. 
The vagal region of the neural tube extends rostrocaudally from the axial 
level of the to 7出 somite (Yntema and Hammond, 1954). The region of the 
neural tube located between the 8出 and 27也 somite level in chick embryos, and 
the region of the neural tube located between the 8也 to somite level in mouse 
embryos are regarded as the trunk region, whereas axial levels caudal to the 28也 
and 24也 pair of somites is regarded as the sacral region in chick and mouse 
embryos respectively (Bums and Douarin, 1998; Heam and Newgreen, 2000; 
Pomeranz and Gershon, 1990). In fact, enteric neurons and glial cells in ENS 
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arise from NCC originated in the vagal and sacral region of the neural tube, and 
the NCC migration can be roughly divided into in two processes according to 
their positions relative to the gut, i.e. the pre-enteric migration (cells migrating 
along the pathway extending from the neural tube towards the gut) and the 
enteric migration (cells migrating within the gut mesenchyme) (Fig. 1.2). 
1.2.1. Vagal Neural crest cells 
Over fifty years ago, Yntema and Hammond (1954) removed the dorsal side 
of the neural tube in chick embryos at defined rostrocaudal axial levels. 
Afterwards, they found that enteric ganglia were absent from the esophagus, 
stomach, small and large intestines, if the region of removal was made starting at 
four somites width rostral to the most rostral pair of somites in the chick embryo, 
and then extended caudally to the 10伍 pair of somites. 
Nevertheless, ENS deficits did not occur if the dissection was made at other 
regions of the neural tube. Therefore, the neural crest cells located at the vagal 
region were deduced to be the only, or at least the major source of the ENS 
precursors throughout the entire GI tract. However, the exact axial levels of the 
vagal NCC that contribute to the ENS cells remained uncertain at that time 
(Yntema and Hammond 1954). Thanks to the development of the quail-chick 
chimera system by Le Douarin and Teillet (1973 and 1974) about twenty years 
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later, the precise location of the ENS precursors at the vagal region was 
identified. Le Douarin and Teillet replaced the vagal NCC from the V' to 7也 
somite levels in chick embryos by those from the equivalent region of quail 
embryos. It was found that both neurons and glial cells of quail origin were 
clustered into ganglia throughout the gastrointestinal tract of the chick embryo 
(Le Douarin and Teillet 1973). Moreover, their results were further confirmed by 
Epstein (1994). In order to trace the migrating vagal NCC, Epstein injected a 
replication-defective spleen necrosis virus vector which contained the marker 
gene lacZ, into the somites adjacent to the neural crest (Epstein et al , 1994). It 
was found that most NCC resided in the midgut and hindgut of the chick 
embryos were derived from vagal NCC originated between the and 6出 somite 
level (Epstein et al., 1994; Peters-van der Sanden et al.，1993). For mouse 
embryos, it appeared that vagal NCC originated between the and 4也 somite 
level contributed ENS cells throughout the gut, whereas those resided in 6也 and 
7也 somitic axial level only contributed a sub-population of neurons in the foregut, 
but not to the rest of the GI tract (Durbec et al., 1996). 
After detaching from the neural tube, vagal NCC migrate along two defined 
pathways towards the gut: the dorsolateral and the dorsomedial pathways. When 
the vagal NCC follow the former, they migrate along a cell-free extracellular 
matrix (ECM) location which is underneath the ectoderm and dorsal to the 
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somite. Vagal NCC following the dorsomedial pathway first accumulate at the 
branchial arches, and then migrate ventrally towards the developing gut (Bums 
et al.，2002; Bums and Douarin, 1998; Ciment and Weston, 1983) (Fig. 1.1). In 
both chick and mouse embryos, a comparatively higher number of vagal NCC 
follow the dorsomedial pathway in their migration (Yntema and Hammond, 1954; 
Le Douarin and Teillet, 1973; Epstein et a l , 1994; Bums et al.，2000). After 
entering the stomach, vagal NCC migrate along the gut at a speed of 30 -
40fim/hr to colonize the entire gut along a rostrocaudal direction (Allan and 
Newgreen, 1980; Young et al., 2004). 
Vagal NCC follow a very precise schedule on cell migration and 
colonization within the gut mesenchyme. Tucker and his colleagues (1988) 
revealed the complete migration pathways and colonization schedule of the vagal 
NCC in the chick embryo by using the neural crest cells specific markers HNK-1 
and NC-1, which are monoclonal antibodies that recognize a carbohydrate 
epitope on the cell surface of the neural crest cells (Tucker et al., 1988). It was 
observed that NCC arrive at the pharyngeal gut at embryonic day (E) 3.0, and 
then continue to migrate caudally along the gut mesenchyme and reach the 
umbilicus by E5.0. About one and a half day later, vagal NCC arrive at the 
cecum by E6.5, at the cecal-colorectal junction by E7.0 and eventually they 
reach the terminal hindgut by E8.5 (Bums and Le Douarin, 2001). In mouse 
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embryos, Kapur et al. (1992) examined the colonization of the gut by using the 
transgenic mice. In this mouse model, the promoter of the gene encoding the 
catecholamine synthetic enzyme, dopamine-P-hydroxylase (OpH), was 
manipulated to direct expression of the reporter gene, lacZ (Kapur et al., 1992). 
It was observed that migration of vagal NCC starts at E8.5 from the neural tube 
and they take about 24 hours to complete the pre-enteric migration, and enter the 
foregut by E9.5, at midgut by E10.5 and arrive at the umbilicus between E10.5 -
Ell.O. Eventually, the vagal NCC enter the cecum and hindgut by Ell .5. The 
entire colonization process is completed by E14.5 (Kapur et al.，1992; Young et 
al.，1998; Young etal., 1999). 
1.2.2. Sacral neural crest cells 
After Yntema and Hammond (1954) had discovered that ENS cells were 
derived from the vagal NCC by using the vagal neural crest ablation, many of the 
scientists believed that vagal NCC were the sole source of the ENS. Nevertheless, 
Le Dourain and Teillet (1973) demonstrated twenty years later a secondary 
source of the ENS, i.e. the sacral neural crest cells. In terms of ENS cells 
contribution, the number of sacral NCC derivatives within the gut mesenchyme 
is much less than those of the vagal NCC. In fact, more than 75% of the cells in 
the ENS are derived from vagal NCC while there is only about 17% of them are 
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derived from the sacral NCC in the distal hindgut, and with decreasing 
contribution to 0.3% in the rostral hindgut (Bums et al., 2000). Moreover, 
considering the technical difficulties, conflicting findings were reported 
regarding the contribution of the sacral NCC to the ENS. In fact, even Le 
Douarin and Teillet themselves were unable to ascertain whether neurons and 
glial cells of the ENS were partially derived from the sacral NCC, as there were 
not any specific molecular markers or other means to label the sacral NCC at that 
time. Until another twenty five years later, neural crest cells at the sacral region 
labelled by Dil (Serbedzija et al.，1991) or retroviruses (Pomeranz et al.，1991) 
were found to be localized within the hindgut. Moreover, their arrival to the 
hindgut is even two days earlier than the vagal NCC. Nevertheless, contradictory 
results were also reported by other investigators. For instance, when the hindgut 
region was isolated from the intact gut before the arrival of the vagal NCC and 
grown with an organ culture system (Allen et al., 1980), or explanted to the 
chorioallantoic membrane or kidney capsule (Cass et al.，1992; Kapur et al., 
1992; Nishijima et al.，1990; Young et al., 1996), some studies reported there was 
a complete absence of enteric neurons or glia in the cultured hindgut (Allan and 
Newgreen 1980) whereas others reported that enteric neurons did colonize the 
gut (Bums and Le Douarin, 1998; Serbedzija et al.，1991). In addition, removal 
of the midgut before the arrival of the vagal NCC did not show any enteric 
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neurons or glial cells present in the hindgut, which further suggested that the 
vagal NCC was the sole source of the ENS cells (Meijers et al.，1989). 
Nevertheless, Bums and Le Douarin (1998) demonstrated that migration of 
the sacral NCC to the hindgut did not rely on the presence of the vagal NCC 
(Bums et al.，2000; Bums and Le Douarin, 1998) and the contribution of the 
sacral NCC to the ENS was eventually verified in their detailed study (1998)，by 
using the chick-quail interspecies grafting in conjunction with antibody 
double-labelling to identify quail cells with neuronal and glial phenotypes within 
chick enteric ganglia. They did not only show the sacral NCC contribution to the 
ENS in the bird model, but also confirmed the time point at which sacral NCC 
arrive at the hindgut, as well as the phenotypes of the sacral NCC derivatives. By 
E4.5, the sacral NCC migrate ventrally and form the pelvic plexus and also the 
nerve of Remak, which is the extension of the pelvic plexus, consisting a chain 
of ganglia that runs parallel to the gut, and is unique to birds. Nevertheless, the 
sacral NCC do not immediately enter the hindgut from the nerve of Remak. 
Instead, they enter into the hindgut from the nerve of Remak approximately three 
days after (Erickson and Goins, 2000), i.e. at the time when the vagal NCC also 
simultaneously arrive at the hindgut at E7.5, and thereafter migrate into the outer 
layers of the gut, along the axons that project from the nerve of Remak to the 
presumptive myenteric plexus region. Afterwards, they migrate inwards, through 
- — “ 
Chapter One Genp-ral Introduction 
the circular muscle layer, to colonize the submucosal plexus region (Bums et al., 
2000; Bums and Le Douarin, 1998; Erickson and Goins, 2000; Le Douarin and 
Teillet，1973). One of the possibilities regarding the delayed entry of the sacral 
NCC into the hindgut is that the hindgut might produce chemoattractive 
substances at a later stage than other regions of the gut, such as the foregut and 
midgut, to induce the migration of the sacral NCC. It is tempting to postulate that 
such chemoattractants are produced by the vagal NCC, as it seems that the sacral 
NCC themselves only enter the hindgut in the presence of the vagal NCC. Bums 
and Le Douarin (2000) later demonstrated that migration of sacral NCC from the 
nerve of Remak to the hindgut was not affected by the ablation of the vagal 
region of the neural tube. In their work, they found that combination of grafts of 
aneural hindgut with sacral NCC always showed production of neurons and glial 
cells regardless of the presence of vagal NCC. As a result, their work 
demonstrated that the entry of sacral NCC into the hindgut is independent of 
vagal NCC. In other words, if a chemoattractant does exist to induce sacral NCC 
migration to the gut mesenchyme, it must not originate from the vagal NCC, but 
from other sources instead, such as the gut mesenchyme. Apart from the 
chemoattractant hypothesis, it is also possible that the three days delayed entry of 
the sacral NCC to the hindgut may be due to the presence of a transient repellent 
such as collapsin-1, a secreted protein which belongs to the semaphorin family 
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(Shepherd and Raper, 1999). It is secreted by the colo-rectal mesenchyme of the 
chick embryos. In other regions of the nervous system, collapsin-1 acts as an 
axon repellent and also as a neural crest cells guidance cue. In vitro, the 
colo-rectum explants at E6.0 and at E8.0 strongly inhibit neurite extension from 
neurons of the nerve of Remak. At E6.0, collapsin-1 is expressed throughout the 
mesenchyme of the colo-rectum but however by E8.0, its expression retreats to 
the inner submucosal and mucosal layers and becomes completely absent from 
the muscle layers (Shepherd and Raper, 1999). Intriguingly, this coincides with 
the time point (E8.0) in which the axons of the nerve of Remak enter the outer 
muscle layers of the hindgut. As the sacral NCC follow along the nerve fibers of 
the nerve of Remak projecting into the hindgut during its entry into the gut 
mesenchyme, it is possible that retreat of the collapsin-1 expression allows axons 
to project from the nerve of Remak towards the hindgut, and therefore facilitates 
the entry of the sacral NCC into the hindgut. In addition, findings of Shepherd 
and Raper (1999) suggested that collapsin-1 does not affect vagal NCC 
migration, as vagal NCC are still able to colonize the caudal regions of the gut at 
E6.0 and E7.0 in the presence of collapsin-1. In other words, collapsin-1 
expression might mediate the entry time of sacral NCC to the hindgut. 
Nevertheless, the underlying mechanism on how it might affect sacral NCC 
migration is still unknown, considering that collapsin-1 solely inhibits the growth 
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of axon according to the coculture studies of Shepherd and Raper (1999). 
In conclusion, sacral NCC do contribute enteric neurons and glial cells to 
the ENS, but relatively in a minor portion comparing to those contributed by the 
vagal NCC. Their location is restricted to the distal bowel, and their contribution 
is highly conserved among higher vertebrate species. 
1.3. Prespecialization of the neural crest cells to form ENS 
Neural crest cells from the vagal and sacral regions of the neural tube 
migrate into the gut and differentiate into neurons and glial cells of the enteric 
nervous system. However, the driving force of vagal and sacral NCC migration 
is not the same. It is more likely that vagal NCC themselves possess 
cell-autonomous migratory properties that drive them into the gut, while the 
sacral NCC are more dependent on the cellular environment to support their 
migration (Kapur, 1999). In the chick-quail system, quail thoracic neural 
primordial cells which normally do not contribute to the ENS, were transplanted 
into the vagal region of the chick embryo to replace the chick vagal neural 
primordial cells, and vice versa (Le Douarin and Teillet, 1974). Although the 
implanted quail thoracic neural crest cells were able to migrate and colonize the 
foregut, they failed to populate the entire gut, unlike the intact vagal NCC which 
were able to colonize the whole gut. This showed that thoracic NCC were less 
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capable to contribute enteric neurons and glia than vagal NCC under the same 
microenvironment. In contrast, vagal NCC transplanted into the thoracic region 
were still able to reach and colonize the gut as they used to be in the vagal region 
of the neural tube (Le Douarin and Teillet, 1974). This demonstrated the 
cell-autonomous properties of the vagal NCC on navigating themselves to the 
distal hindgut regardless of their starting position. Moreover, this was further 
supported when a different region of the avian neural crest (neural primordium) 
was co-cultured with aneural colon. The vagal NCC contributed fifty times as 
many neurons in the colon as NCC originated in other regions including cervical, 
thoracic or sacral (Peters-van der Sanden et al., 1993; Newgreen et al.，1980; 
Heam et al., 2000). In contrast, vagal NCC furnish comparatively less ectopic 
melanocytes in the myenteric and submucosa plexuses, whereas the trunk NCC 
contribute numerous melanocytes under the same condition in this experiment 
(Newgreen et al., 1980; Smith-Thomas et al., 1977). 
Nevertheless, the microenvironment inside the gut also brings an effect in 
directing the vagal NCC colonization. For instance, the gut mesenchyme itself 
releases a variety of molecules in order to mediate the migration of vagal neural 
crest cells inside the gut. One of them is the glial cell line-derived neurotrophic 
factor (GDNF), which acts as a chemoattractant to promote vagal NCC 
migration inside the gut in a rostrocaudal direction. In the studies of Young et al. 
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(2001), they demonstrated the chemoattracting effect of GDNF to the vagal NCC 
in a catenary organ culture system (Young et al., 2001). Explants of hindgut at 
El 1.5 were attached to a piece of filter paper with the purpose of supporting the 
explants. Subsequently, the explants were cultured for three days in the catenary 
organ culture system either with or without the addition of GDNF. It was found 
that neurons were present throughout the gut explant grown in the culture 
medium without GDNF, indicating vagal NCC present at the rostral end of the 
gut at the beginning of the culture period had migrated through the gut explant in 
a rostrocaudal direction and differentiated into neurons. In contrast, more 
neurons were found on the filter paper attached to the hindgut explant grown in 
the culture medium with GDNF, indicating that the presence of GDNF in the 
culture medium attracted the vagal NCC to migrate out from the rostral end of 
the hindgut, and differentiated into neurons on the filter paper which was soaked 
in the culture medium. Since GDNF were also present in the gut mesenchyme, 
this indicates the microenvironment inside the gut can also affect the activities 
such as migration and differentiation of vagal NCC. 
As mentioned earlier, vagal NCC rely largely on their cell-autonomous 
properties to migrate towards the gut. However, other evidence showed 
migration of sacral NCC depends more on the cellular environment. Cervical and 
thoracic NCC, which normally did not reach the gut, did migrate ventrally to the 
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gut when they were transplanted into the sacral region of the neural tube 
(Erickson and Goins, 2000). Therefore, this showed that the migration of sacral 
NCC to the hindgut is not solely due to their cell-autonomous properties. Instead, 
this might be due to the relatively shorter migrating distance between the sacral 
region of the neural tube and the hindgut. In other words, it is the 
microenvironment between the sacral region of the neural tube and the hindgut 
that drives the sacral NCC migration, as both cervical and thoracic NCC that are 
not directly related to ENS development, are also capable to reach the hindgut. 
Furthermore, when both thoracic and sacral NCC were co-cultured with aneural 
hindgut and grafted to a host embryo chorioallantoic membrane which provided 
oxygen and other nutrients for development, NCC from both regions did 
contribute neurons and glial cells to the enteric plexus, although the cell numbers 
they contributed were far fewer than those contributed by the vagal NCC 
(Erickson and Goins, 2000). Therefore, this study provided evidence that the 
microenvironment of the sacral region plays a crucial role to direct NCC 
originated from different regions to enter the gut mesenchyme. However, the 
sacral NCC also possess some intrinsic property for their migration. In the 
chick-quick chimera studies of Bums and his colleagues (Bums et al., 2002)， 
sacral NCC from quail embryos were grafted to the vagal region of the neural 
tube in chick embryos. It was found that the migration and colonization patterns 
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of sacral NCC were somehow different from those of the vagal NCC (Bums et 
al., 2002). For instance, there were no transplanted sacral NCC observed in the 
colorectum, which is normally colonized by vagal NCC at E8.0 of development. 
Moreover, although the transplanted sacral NCC were capable to colonize 
several regions of the gut such as the submucosal region of the pre-umbilical 
intestine, the number of enteric neurons they gave rise was much lower than 
those differentiated from vagal NCC, a phenomenon similar to their colonization 
of the hindgut (Bums, 2005), which indicates that sacral NCC also have some 
intrinsic specification in their migration. 
1.4. Signaling pathways involved in ENS development 
After knowing the pre-specialization properties of the vagal and sacral 
neural crest cells, another question to be addressed is to understand what 
furnishes the cell-autonomous properties to the vagal NCC, and how the 
microenvironment between the sacral region of the neural tube and the hindgut 
induces sacral NCC migration. To answer these questions，it is necessary to 
understand the signaling pathways and transcription factors that regulate the 
NCC migration during ENS development. 
Currently, there are three signaling pathways identified to be essential for 
normal ENS development. They are the endothelin signaling pathway and the 
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two Ret signaling pathways (Young and Newgreen, 2001). 
1.4.1 Endothelin signaling pathway 
Endothelins (ET-1, 2 and 3) are intercellular messengers. They were first 
recognized on the basis of their vasopressor activities in adults (Sakurai et a l , 
1992; Yanagisawa et al.，1998). They appear as large inactive precursor 
molecules and therefore, in order to generate functional ET, the inactive form of 
ET is modified by the protease endothelin converting enzyme (ECE-1), to 
produce a small 21 amino acid active peptide. The corresponding receptors of 
endothelins are endothelin receptor A (EDNRA) and endothelin receptor B 
(EDNRB), and both of them are G-protein-coupled seven-transmembrane 
receptors. EDNRA is responsible for initiating multiple signaling pathways 
within NCC. Loss of this initiation results in craniofacial defects observed in 
EDNRA"^' embryos (Ruest and Kedzierski, 2005). On the other hand, EDNRB is 
essential during the migration of ENS cell precursors. EDNRB binds ET-1’ 2 and 
3 with equal affinities but ET-3 is the primary ligand of EDNRB during the ENS 
development (Nataf et al., 1996; Brand et al., 998 Woodward et al.，2000). This 
is because only ET-3 is expressed in sufficient amounts in the gut mesenchyme 
for binding, while EDNRB is expressed in NCC which give rise to ENS cells 
(Brand et al.，1998; Nataf et al.，1998; Leibl et al., 1999). 
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EDNRB mutant mice are amelanocytic and the mice eventually die of 
megacolon, due to the absence of ENS cells derived from the NCC in the distal 
gut (Amiel et al.，1996; Hosoda et a l , 1994). Akin to the phenotype of EDNRB 
mutations, ET-3 mutations in the lethal spotting mouse {Is) also exhibit a similar 
pattern of pigmentation but the length of the aganglionic gut segment is 
comparatively shorter, considering the absence of ET-3 can partially be 
compensated by low levels of ET-1 as EDNRB has equal affinity to all ET 
molecules. In fact, endothelin signaling is essential for the migration of neural 
crest-derived melanocytes between E10.5 and E12.0 and enteric neuron 
precursors between Ell.O and E12.5 respectively (Young et al., 1998). In other 
words, endothelin signaling is not required for the initial specification and the 
dispersal of ENS precursors from the neural tube that happens before Ell.O. 
Moreover, it is noteworthy that endothelin signaling is no longer required after 
E12.5, whereas the entire colonization process is completed at around E14.5. 
This implies that EDNRB persists for about two days during colonization and 
that colonization after E12.5 does not rely on endothelin signaling activities 
(Kapur et al.，1992; Young et al.，1996). 
The role of ET-3/EDNRB complex is to postpone cell differentiation and 
this retarding effect is effective in the presence of multiple differentiation factors 
including GDNF, ciliary neurotrophic factor (CNTF), fibroblast growth factor-2 
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(FGF-2) and p-neuregulin (Heam et al.，1998). Although the ET-3/EDNRB 
complex markedly delays cell differentiation, it does not impede the appearance 
of the derivatives. In fact, postponing cell differentiation leads to the increasing 
number of ENS precursors (Lahav et a l , 1994). In other words, the number of 
the ENS precursors becomes markedly greater than their corresponding 
derivatives. During ENS development, this may allow sufficient mitotic and 
migratory pool of undifferentiated NCC for a longer period of time to proliferate 
and colonize the gut before they undergo differentiation into enteric neurons and 
glia (Maxwell, 1976). 
1.4.2. Ret signaling pathway: GDNF/Ret/GFRal 
One of the Ret signaling pathways involving ENS development is the 
GDNF/Ret/GFRal signaling pathway. It promotes proliferation of neural 
precursors, neuron survival and differentiation (Lin et al., 1993; Henderson et al., 
1994). The Ret gene encodes a cell surface receptor with a cytoplasmic domain 
that contains a tyrosine kinase. It was first identified based on the similarities 
between the phenotypes of Ret", and GDNF" mice, suggesting that these 
molecules are involved in the same signaling pathway. In later studies, it was 
discovered that GDNF binds to Ret, together with the co-receptor GFRal，to 
initiate the signaling cascade (Moore et al.，1996; Pichel et al., 1996; Sanchez et 
~ “ ^ “ 
Chapter One General Introduction 
al.，1996). 
Infants with a longer aganglionic gut segment appear to have a higher 
percentage of Ret mutations, especially in the kinase domain than those with a 
shorter segment, suggesting that Ret mutants result in various extents of 
aganglionosis and hence intestinal motility problems. Ret mutation can be caused 
by multiple mechanisms including premature stop codons or deletions of the 
tyrosine kinase domain (Romeo et al , 1994; Edery et al.，1994). Apart from this. 
Ret gene product is quantitatively required during the ENS development. 
Humans with homozygous Ret mutation exhibit total intestinal aganglionosis, 
whereas those with heterozygous Ret mutation only suffer from various lengths 
of aganglionosis in the gut segment extending caudally from the jejunum (Inoue 
et a l , 2000). In contrast, homozygous Ret knockout mice exhibit a complete 
absence of ENS cells in all regions of the gastrointestinal tract, whereas 
heterozygous knockout of Ret in mice do not show any signs of aganglionosis 
in the gut (Schuchardt et al., 1994). This demonstrated that expression of 
Ret from only one of the normal alleles is sufficient for the mouse on ENS 
development (Inoue et a l , 2000). Furthermore, the effects of Ret mutation are 
not limited to ENS development. Ret knockout mice also lack the superior 
cervical sympathetic ganglia and show kidney agenesis (Schuchardt et a l , 1994). 
Through in situ hybridization, Ret mRNA is detected in NCC of both chick and 
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mouse embryos before cell migration initiates and during the entry of NCC into 
the foregut, indicating that the ligand of Ret, GDNF, interacts with Ret at the 
moment when NCC enter the foregut (Durbec et al , 1996; Pachnis et a l , 1993). 
Apart from this, expression of Ret persists after the neural crest cells have 
already entered the foregut and migrated along the gut mesenchyme. 
Furthermore, their expression is maintained even after the NCC have undergone 
differentiation into ENS cells although the expression levels vary among 
different types of NCC derivatives. For instance. Ret expression level is 
down-regulated in enteric glia but is maintained in enteric neurons (Edery et al., 
1994). 
As mentioned above, the ligand of Ret receptor is GDNF. It is a secreted 
growth factor and exists in a dimer form linked by disulfide bond between the 
cysteine residues. In vitro studies on embryonic cells of avian, mouse and rat 
show that GDNF acts on NCC as a mitogen and induces NCC differentiation 
(Salomon et al , 1996). In terms of expression, GDNF is expressed inside the 
embryonic gut mesenchyme of mouse embryos around E9.5 when the vagal 
NCC have just arrived the foregut. Subsequently, GDNF expression level 
augments along the gastrointestinal tract (Young et al., 2001). 
Since GDNF and Ret are involved in the same signaling pathway, intestinal 
phenotypes of homozygous GDNF knockout mice are almost identical to those 
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with homozygous Ret gene knockout，which result in the absence of ENS cells 
caudal to the stomach, renal agenesis, followed by neonatal death (Moore et al.， 
1996; Pichel et a l , 1996). Although heterozygous mutations on GDNF alone 
would not result in aganglionosis but hypoganglionosis, GDNF mutation affects 
the severity of aganglionosis within the gastrointestinal tract if other genes 
involved in ENS development such as EDNRB and ET-3, are also mutated 
simultaneously (Angrist et a l , 1996; Hofstra et al.，1997). 
Furthermore, the binding of Ret and GDNF requires the aid of the 
co-receptor GFRal. GFRal belongs to the GFRa family，and is 
glycosylinositolphosphate linked to the cell surface membrane of the NCC that 
also express Ret. It is localized to the lipid rafts in the cell membrane (Homma et 
al., 2000). GDNF expressed in gut mesenchyme binds to GFRal together with 
Ret at the lipid rafts to initiate the downstream signaling cascade for neuronal 
survival and differentiation. Apart from this, phenotypes of homozygous GFRal 
knockout mice appear to be akin to those with Ret and GDNF genes knockout 
(Cacalano et al., 1998; Enomoto et al., 1998; Tomac et a l , 2000). These mice 
have almost total aganglionosis distal to the esophagus with only a very small 
population of ENS neurons present in the distal colon, which are believed to be 
derived from the sacral NCC (Young and Newgreen, 2001). 
In general, the GDNF/Ret/GFRal signaling pathway promotes NCC 
Chapter One General Introduction 
survival and differentiation and also induces neurite outgrowth of the enteric 
neurons. By culturing the mouse intestinal tissues containing ENS cells, it was 
observed that GDNF can directionally guide the migrating ENS precursor cells 
towards the gut (Young et al., 2001). Therefore, this suggests that the response of 
the ENS precursor cells to GDNF, i.e. their survival, proliferation and 
differentiation, is differentially expressed in a cell type-specific manner (Young 
et al., 2001). Nevertheless, although vagal NCC themselves are programmed to 
become ENS cells, they are not responsive to GDNF before they enter the 
foregut. This phenomenon might be due to the environmental changes that occur 
during the vagal NCC migration after their entry into the foregut, in order for 
them to become responsive to GDNF (Young et al., 2001). 
1.4.3. Ret signaling pathway: NRTN/Ret/GFRa2 
Another Ret signaling pathway involving ENS development is the 
NRTN/Ret/GFRa2 signaling pathway. Neurtrin (NRTN) belongs to the family of 
neurotrophic factors. It binds to the Ret tyrosine kinase receptor along with the 
co-receptor GFRa2 in order to initiate the signaling cascade. Therefore, this 
suggests that NRTN is most important for cells expressing GFRa2 receptors 
(Rossi et al.，1999). In addition, NRTN shares many biological properties with 
GDNF such as the maintenance of enteric neuron survival but NRTN and GFRa2 
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are expressed in more restricted areas such as the intestine, salivary gland and 
testis (Heuckeroth et al., 1999). Along the intestine，GFRa2 is expressed in the 
myenteric plexus where NRTN is produced in the circular muscle layer. 
NRTN acts as a trophic factor by exerting a survival-promoting effect on the 
postmitotic enteric neurons (Heuckeroth et a l , 1999), in order for them to further 
extend the axonal processes and create a network of interacting neuronal cells, so 
as to carry out different functions inside the GI tract including motility regulation, 
sensation and mucosal secretion (Heuckeroth et al.，1999). 
Phenotypes of NRTN"- and GFRa2'^' mice are quite similar, considering 
both molecules are involved in the same signaling pathway. NRTN " mice show 
a minimal reduction of myenteric and submucosal ganglion cells numbers along 
the gastrointestinal tract, whereas there is only a small reduction in myenteric 
ganglion cell numbers in GFRa2" '^ mice (Heuckeroth et al.，1999). However, 
there is a prominent decrease in nerve fiber density in the duodenum, small 
intestine and colon in both NRTN'" and GFRa2'^' mice. Furthermore, the size of 
myenteric ganglion cells is comparatively smaller and the axonal arborization is 
reduced compared to those in the wild-type mice. Muscle contractile strength in 
both NRTN"^ " and GFRa2"^" mice is also significantly reduced comparing with the 
wild-type mice (Rossi et a l , 1999). Taken these together, the NRTN/Ret/GFRa2 
signaling pathway is responsible for maintaining the normal proliferation and 
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differentiation of the ENS. Although GDNF can also react with excessive 
GFRa2，it is unable to replace NRTN as an ENS trophic factor. 
1.4.4. Phox2b 
Apart from the three signaling pathways mentioned above, it is noteworthy 
that several transcription factors such as Phox2b and SoxlO are also essential for 
ENS development, as Phox2b'^ " and SoxlO." mice do not contain any ENS cells 
in the entire gastrointestinal tract (Pattyn et al.，1999). In other words，they are 
absolutely indispensable during the development of all the enteric neurons and 
glial cells. In contrast, mutations of some other genes such as ET-3 do not exhibit 
a total aganglionosis of the gastrointestinal tract, but only lead to a various length 
ofaganglionic gut segment instead (Hosoda et al.，1994). 
Phox2a and Phox2b are paired box homeodomain transcription factors 
expressed by many autonomic neurons, including enteric neurons. Phox2a does 
not involve in ENS development, whereas Phox2b is essential for Ret expression 
of the ENS precursor cells (Valarche et al.，1993; Tiveron et al., 1996; Pattyn et 
a l , 1997). Homozygous Phox2b mutant mice do not express any Ret receptors 
on cell surface of the enteric neural crest-derived cells. The Ret signaling 
pathways are therefore disrupted, which may affect the survival and 
differentiation of the ENS precursor cells (Tiveron et al , 1996). 
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1.4.5. SoxlO 
SoxlO gene belongs to the Sox (Sry-box) family by sharing a common 
domain, namely the high mobility group (HMG) box. It is expressed before the 
delamination of the NCC from the neural tube and persists during cell migration. 
Among different neural crest cell derivatives, SoxlO expression continues to 
express in glia or melanocytes only (Pingault et al.，1998). Akin to Phox2b, 
SoxlO is also required for Ret expression. In fact, phenotypes of Ref" and 
SoxlO"- mice are similar in a sense that vagal NCC undergo apoptosis prior to 
their entry to the foregut (Pattyn et al.，1999). 
SoxlO mutation results in dominant megacolon and aberrant pigmentation, 
with defects in neural crest-derived ENS cells and melanocytes respectively. 
Apart from this. Dominant megacolon {Dom) mice with a spontaneous mutation 
of SoxlO (Herbarth et al，1998; Southard-Smith et al., 1998) or mice with a null 
mutation of SoxlO generated by targeted deletion (Britsch et a l , 2001), exhibit a 
phenotype very similar to those observed in patients suffering from 
Hirschsprung's disease (HSCR), a congenital disorder characterized by the 
absence of enteric ganglia in the myenteric and submucosal plexuses along a 
variable length of the distal gut (Chakravarti, 1996). Moreover, enteric 
aganglionosis and pigmentation changes occurred in HSCR patients are caused 
by SoxlO haploinsufficiency (Kapur et al.，1996; Southard-Smith et al.，1999). 
31 
Chapter One General Introduction 
Hence, these analogies enable SoxlO mutant mice a valuable model system to 
study the pathogenesis of Hirschsprung's disease. 
By using the DfiH-nLacZ transgenic marker, it was discovered that 
aganglionosis occurred in the heterozygous Dom mouse was due to the impaired 
colonization in the small intestine, which happened as early as E11.0-E11.5, and 
the migration front of the vagal NCC was most retarded at E12.0-E12.5 (Kapur 
et al., 1996). The underlying cause of the retarded vagal NCC migration was due 
to the increasing apoptosis of the vagal NCC before they entered into the gut 
(Kapur et al.，1999). In other words, it is the cell-autonomous properties of the 
vagal NCC that retard the vagal NCC migration, but not because of any changes 
in the microenvironment of the gut. This was proven by Kapur and his 
colleagues by colonizing Soxl(fo"VSoxI(pom embryonic intestine using vagal 
NCC either extracted from wild-type mouse embryos or from SoxlO mutated 
Dom embryos (Kapur et al., 1999). According to their findings, wild-type vagal 
NCC were able to colonize Soxl(P'''"/SoxlcP'''" intestinal explants while the 
mutant crest cells failed to colonize any portion of the Soxl(f�"VSoxl(P�m gut. 
This demonstrated that the retarded vagal NCC migration was not due to changes 
of the enteric microenvironment, but a result of the impaired cell-autonomous 
properties of the vagal NCC relating to the increasing cell death of the vagal 
NCC in Dom mouse embryos. 
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1.5. Hirschsprung's Disease (HSCR) 
Development of the ENS is highly complex and it involves different 
signaling pathways and a variety of transcription factors. It is possible that any 
errors occur during this process will upset the normal colonization of the gut and 
result in different types of congenital diseases such as the Hirschsprung's disease 
(HSCR). HSCR is regarded as a neurocristopathy, a term used to describe 
syndromes involving neural crest cells (Kapur, 1993; Gannon et al, 1969; Smith, 
1967). However, abnormalities of ENS development in HSCR are not only 
restricted to aganglionosis. Sometimes it can also be hypoganglionosis. 
HSCR occurs in about 1 in 5000 newborn infants, with a 4:1 male to female 
ratio. HSCR affects the bowel. The affected area usually covers the rectum and 
sigmoid colon. Sometimes it might affect a greater portion of colon or even 
regions extending to the proximal ileum (Holschneider, 2000). Symptom of 
HSCR is intestinal obstruction, or severe constipation caused by peristalsis 
failure. HSCR patients suffer from a localized disability of the gut to transmit a 
motile relaxation and contraction wave. The contracted segment of the gut is 
therefore devoid of any gut contents, whereas the proximal segment becomes 
distended by fecal accumulation. 
Diagnosis of Hirschsprung's disease nowadays includes rectal manometry, 
rectal biopsy and barium enema X-ray test (Reding et al.，1997) and the most 
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effective treatment for HSCR patients is surgery, which is done by removing the 
aganglionic region of the intestine, and then rejoining the remaining normal 
portion directly to the anus (Teitelbaum and Coran, 2003). 
Genetics of the HSCR is highly complicated with increasing familial risk 
(4% for siblings and about 0.02% for the general population). So far, there are a 
total of eight genes identified in HSCR, which are RET (Attie et al.，1995)， 
GDNF (Salomon et al.，1996), NRTN (Doray et al.，1998), EDNRB (Amiel et al., 
1996; Chakravarti, 1996), ET-3 (Bidaud et al.，1997), ECEl (Hofstra et al.，1999)， 
SOXIO (Pingault et al., 1998) and SIPl genes (Lurie et al., 1994). Nevertheless, 
these genes can only account for less than 50% of the distal aganglionosis cases, 
suggesting that there must be many other unknown genes that are yet to be 
discovered for being involved in HSCR. 
1.6 Objective of the Study 
In recent years, the research field of ENS development has been greatly 
advanced, thanks to the contribution made by scientists in analyzing different 
realms in ENS development including their cellular origins, migration of 
precursor cells before and after their entry to the gut, the signaling pathways and 
molecules involved, as well as the differentiation of the ENS precursor cells. 
In order to carry out these studies, the use of specific markers has become 
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essential to label the neural crest cells, as neural crest cells are morphologically 
indistinguishable from their surrounding mesenchymal cells during migration. In 
the past years, a rapidly expanding variety of specific markers have been 
identified to label neural crest cells arisen from different regions of the neural 
tube. By employing different combinations of these markers, migration pathways 
of vagal NCC are well characterized, and the contribution of sacral NCC to ENS 
cells in the distal hindgut in avian is also confirmed by using the quail-chick 
chimeric grafting technique. However, little is known about the migration 
pathways of sacral NCC in murine before and after their entry to the gut. 
Furthermore, effects of SoxlO mutation on sacral NCC migration in Dom mouse 
embryos are still largely unknown. Considering SoxlO is expressed before the 
delamination of the NCC from the neural tube and its expression persists during 
cell migration, it should be a crucial transcription factor to maintain the normal 
migration of the neural crest cells. The objective of the present study was 
designed with the aims to investigate (i) the migration pathways of sacral NCC at 
different developmental stages in normal mouse embryos after they had 
emigrated from the neural tube, (ii) and also the spatio-temporal differences of 
the migration pattern of sacral NCC at various developmental stages among 
different genotypes of the Dom mouse embryos, i.e. wild type +/+，heterozygous 
Dom/+ and homozygous Dom/Dom, before their entry to the hindgut. 
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To achieve the first aim, premigratory sacral NCC were either labelled with 
an exogenous cell marker, wheat germ agglutinin gold conjugates (WGA-Au) or 
a strongly fluorescent dye Dil，by microinjection into the lumen of the neural 
tube where the sacral NCC resided before the initiation of cell migration. 
Labelled embryos were subsequently cultured in a whole embryo culture system 
for eight hours to up to one day, followed by histological analysis with the aid of 
a computer program. Labelled neural NCC were found to be migrating along 
defined pathways towards the pelvic mesenchyme after passing through the 
mesenchyme around the dorsal aorta. Details are presented in Chapter 2. 
As for the second aim, sacral NCC migration of the Dom embryos were also 
traced using an experimental approach similar to the one described above by 
microinjecting exogenous cell marker into the lumen of the neural tube, followed 
by culturing the Dom embryos for different durations. Subsequently, the sacral 
NCC migration pattern among the three different genotypes of the Dom embryos 
were compared in terms of the migration pathways, the number of migrating 
cells and the migrating distance. Details are provided in Chapter 3. Lastly, an 
overall discussion regarding the data interpretations, possible improvements 
about the study, such as the use of markers to label the sacral NCC, and future 
works are summarized in chapter 4. 
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Fig. 1.1. 
Drawing of a caudal segment of a mouse embryo showing the two postulated 
migratory pathways of neural crest cells: dorsomedial (purple arrow) and 
dorsolateral pathway (blue arrow). Dorsomedial pathway was found for the 
sacral NCC in chick embryos at E6.0 (Bums and Douarin, 1998) and dorsolateral 
pathway was found for vagal NCC in mouse embryo at El0.0 (Stanchina, et al., 
2006). da, dorsal aorta; g, gut; n, notochord; nt, neural tube; s, somite; green dots, 
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Fig. 1.2. 
Schematic diagram showing the migration of vagal and sacral neural crest cells 
to the gastrointestinal tract of a mouse embryo at E9.5 (modified from Durbec et 
al.’ 1996) 
Neural crest cells from the vagal and sacral regions of the neural tube migrate 
into the gut (black dotted lines) and differentiate into neurons and glial cells of 
the enteric nervous system. Vagal NCC migrate from the neural tube to the gut 
along the pre-enteric migration pathway (green arrows) and then enter and 
migrate along the gut in a rostrocaudal direction during the enteric migration 
(blue arrows). Regions traveled by vagal NCC are labelled in red. Sacral NCC, 
on the other hand, also migrate from the neural tube along the pre-enteric 
migration pathway (red arrow) and then enter and colonize the distal hindgut 
(yellow arrows). Regions traveled by sacral NCC are labelled in pale blue. 
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Chapter Two 
The early migratory pathways of 
mouse sacral neural crest cells 
2.1. Introduction 
Unlike amphibian and avian embryos, mammalian embryos implant to the 
maternal uterus. Therefore, they become inaccessible to experimental 
manipulations and the scope for experimentation on mammalian embryos 
becomes limited. In order to study the embryonic development of mammals, 
early scientists relied on the grafting technique to study the fate of different 
mammalian cells, such as the neural crest cells, by grafting mammalian tissues 
into chick embryos. For instance, Rawles and his colleagues demonstrated that 
murine melanoblasts originate from the neural crest by grafting fragments of 
murine neural folds into chick embryos (Rawles, 1940). Fontaine and his 
colleagues also attested that murine calcitonin-synthesizing cells are also derived 
from neural crest cells by grafting fragments of thyroid rudiment, pharyngeal 
pouch, or pouch endoderm/mesenchyme in various combinations from mouse 
embryos onto the chorioallantoic membrane of embryonic chicks (Fontaine, 
1979). Apart from the grafting techniques, scientists perform ejco utero or open 
uterus surgery to overcome the inaccessibility of mammalian embryos. After the 
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surgery, fetuses remain inside the fluid-filled abdominal cavity of the maternal 
body while retaining their placental attachment to the uterine wall (Muneoka et 
al., 1990，Serbedzija et al., 1992). In the studies of Serbedzija et al.，(1992), they 
completely characterized the migration pattern of cranial neural crest cells in 
mouse embryos by combining vital dye labelling with exo utero surgery 
techniques. Nevertheless, one of the major drawbacks of this technique is that 
exo utero surgery is only suitable for mouse embryos after El2.0. Embryos at 
earlier stages are too small to be observed or manipulated inside the uterus, 
resulting in a high mortality rate (Muneoka et al., 1990). 
In the past decades, the whole embryo culture system has been developed to 
culture rodent embryos in vitro. As a result, micro-manipulations, such as 
labelling, can be applied to the embryos so as to observe or trace any subtle 
changes at different embryonic developmental stages. To establish a good whole 
embryo culture system, it is essential to create an environment which is similar 
to the uterine environment for the embryonic growth. This technique enables the 
explained embryos to grow for a substantial period of time so that the embryos 
become accessible to different types of micro-manipulations. During the initial 
attempt to culture postimplantation rodent embryos, plasma clot supplemented 
with embryo extracts were used to culture the rat embryos (Nicholas and 
Rudnick, 1934, 1938; Deuchar, 1971，1976). Nevertheless, development of the 
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embryos was very limited under these conditions. Until the past two decades, 
conditions of the whole embryo culture system are largely improved (Cockroft, 
1990). Mouse embryos are grown in a culture medium containing a high 
percentage of rat serum, ranging from about 50 to 100% by volume (Sadler, 1979; 
Sadler and New, 1981). Furthermore, a roller system is essential to maintain a 
constant rolling culture medium for the symmetric growth of embryos (Sadler 
and New, 1981; Trainor et al.，1994; Downs and Gardner, 1995). With these 
culture conditions, postimplantation embryos can be cultured up to about E10.5, 
which is about the 30也 to 34也 somite stage (Cockroft, 1990; Hogan et al., 1994; 
Quinlan et al., 1995; Strum and Tarn, 1993; Trainor et al.，1994). At present, 
scientists attempt to extend the culture period, in order to study the development 
at more advanced embryonic stage such as the stages for limb formation and 
skeletal development. To do this，it is essential to provide the essential nutrients 
to the embryos and also to remove the waste products from the embryos under 
the in vitro culture system (New and Coppola, 1977; Sanyal and Nafotlin, 1983). 
The objective of this part of the study was to investigate the normal 
migration pathways of the sacral neural crest cells from the dorsal side of the 
neural tube (neural crest) during early mouse embryonic development. Sacral 
NCC are thought to arise from the region of the neural tube caudal to somite 28 
in the chick and somite 24 in the mouse (Bums et al., 2000; Pomeranz et al.， 
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1991; Serbedzija et al.，1991). Experimental data based largely on findings from 
avian embryos indicate that NCC from the sacral level migrate to the developing 
hindgut to form part of the enteric nervous system. In the distal hindgut of the 
chick, sacral NCC give rise to nearly 20% of the enteric neurons (Bums and Le 
Douarin, 1998) and also contribute to the formation of glia. Moreover, one of the 
properties of sacral NCC migration is that sacral NCC stay in the nerve of 
Remak outside the hindgut for about 3 days before they enter the hindgut in 
chick embryos. Nevertheless, similar findings have not been reported in the 
mouse model to show that sacral NCC also stay in the pelvic mesenchyme for a 
certain period of time before their entry to the hindgut. In fact, little is known 
about the migration pathways of sacral NCC in mammals before and after their 
entry to the gut (Pomeranz et al., 1991; Serbedzija et al., 1991; Anderson et al.， 
2006). One of the major hurdles on studying sacral NCC migration is that sacral 
NCC has a comparatively lower cell number than vagal NCC, which makes it 
more difficult to trace their migration. Furthermore, there is no specific marker to 
specifically label sacral NCC so far. After they have started their migration from 
the neural tube, they become morphologically indistinguishable from the 
surrounding mesenchymal cells. Therefore, the best way to overcome this 
problem is to label the sacral NCC with an exogenous vital dye when the cells 
have not yet initiated cell migration from the neural tube. Vital dye injected into 
— 42 
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the lumen of the neural tube will indiscriminately be absorbed by all 
neuroepithelial cells，including the pre-migratory sacral NCC in the dorsal part 
of the neural tube. After labeling, labelled mouse embryos are cultured with 
whole embryo culture for not more than 30 hours from E9.5, the time period in 
which the sacral NCC initiate cell migration. While the mouse embryos are being 
cultured, labelled sacral NCC detached from the dorsal side of the neural tube to 
undergo cell migration. Therefore, their migration pathways can be mapped by 
following the distribution of the labelled cells at different developmental stages 
(Serbedzija et a l , 1990, 1991, 1992; Trainor and Tarn, 1995; Fukiishi and 
Morris-Kay, 192; Chan and Tarn, 1998; Chan et al.，2004). 
Two exogenous vital dyes, WGA-Au and Dil，have been employed to label 
the sacral NCC. Derived from Triticum vulgaris, wheat germ agglutinin (WGA) 
is a carbohydrate-binding protein of approximately 36 kDa that selectively 
recognizes sialic acid and N-acetylglucosaminyl sugar residues predominantly 
found on the plasma membrane. The conjugated colloidal gold in WGA-Au acts 
as a labeling molecule which is visible under electron microscope or light 
microscope after silver staining. When WGA-Au contacts sacral NCC, it binds to 
the sugar residues on the cell surface and is subsequently endocytosed by the 
cells. One of the major advantages of using WGA-Au is that it is stored inside 
the intracellular vesicles during the in vitro development of the embryo, no 
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matter the cell is immobile or migrating. WGA-Au is not to be transferred among 
neighboring cells, but can be passed on to the descendants of the labelled cells 
(Smits-van Prooije et al., 1986). After silver staining, silver is deposited on to the 
WGA-Au particles which can then be visualized under a light microscope for 
analysis. Another exogenous vital dye used is 
l-dioctadecyl-3,3',3'-tetramethylindocarbocyanine perchlorate (Dil). Dil is a 
lipophilic molecule which has widely been used in studying different types of 
developmental processes. It labels the sacral NCC by integrating into the lipid 
bilayer membrane of the cells. One of major advantages of using Dil as an 
exogenous marker is that it does not interfere with any physiological properties 
of the labeled cells. Moreover, it seldom diffuses among neighboring cells but 
only passes to the progeny of the labelled cells. Nevertheless, the concentration 
of Dil will be diluted after continuous cell division of the labelled cells. Dil has a 
maximum absorption of light at wavelength 546nm and emission at 563nm. By 
using an epifluorescence microscope, Dil labelled cells produce orange-red 
fluorescence (Bossing and Technau, 1994). 
After a certain period of time, the cultured embryos are harvested, followed 
by fixation and serial sectioning. Subsequently, images of individual sections are 
captured and drawn with a computer by using Neurolucida, an advanced 
scientific software to create a 3-D reconstruction of images of a mouse embryo, 
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SO as to provide a three dimensional picture on different aspects of sacral NCC 
migration including migration distance, migration pathways and the number of 
migrating cells in different regions along the whole body axis at different 
developmental stages. 
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2.2 Materials and Methods 
2.2.1 Animals 
Random bred ICR (Institute of Cancer Research, Harlan, Oxfordshire, UK) 
mice were used in this study to trace the normal migration of the sacral NCC. 
The mice were reared in an artificial 12-hour-12 hour dark-light cycle, with the 
dark period starting from 6:00 p.m. to 6:00 a.m. The male and female mice were 
paired at night for mating and the presence of the copulation plug in the 
following morning was designated as embryonic day (E) 0.5. 
2.2.2 Isolation of the mouse embryos at E9.5 
The pregnant mice were sacrificed by cervical dislocation at E9.5. After 
disinfection of the abdomen with 70% alcohol, the anterior abdominal wall was 
incised by scissors and deciduas in the uterus were exposed. Blood vessels and 
fat tissues attached to the uterus were removed, and individual deciduas were 
subsequently isolated from the uterine wall and transferred to warm PBl medium 
(Appendix A) using a pair of blunt forceps. Under a dissection microscope, the 
Reichert's membrane and parietal yolk sac membrane of the mouse embryo were 
carefully removed with fine forceps while the visceral yolk sac membrane and 
ectoplacental cone were remained intact. The isolated embryos were kept in 
warm PBl for labelling. 
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2.2.3 Preparation ofWGA-Au 
Procedures for preparing WGA-Au generally followed the methods 
described by Chan et al. (2004). Briefly, 1 mg of wheat germ agglutinin (WGA) 
lectin (Sigma) and 4 mg of bovine serum albumin (BSA, Sigma) were dissolved 
in 500 \i\ of 5 mM of NaCl. After complete dissolution，100 pi of 0.25% 
glutaraldehyde (Electron Microscopy Science) were added and the complex was 
allowed to stand still for 15 minutes. Subsequently, 400 pi of the WGA-BSA 
complexes were conjugated with 20ml of colloid gold particles (0.005% of 15-25 
nm particles in citrate buffer, pH 5.5; Polyscience, Warrington, PA, USA) in a 50 
ml falcon tube wrapped with aluminum foil to avoid light exposure. Five minutes 
after, 20 of 10% polyethene glycol (PEG, Sigma, molecular weight: 200) were 
added and kept on ice for ten minutes. The pH was adjusted to 7.0 by O.IM of 
K2CO3. Afterwards, the solution was spun down at 38,000 rpm for 45 minutes at 
4 � C in vacuum using an ultracentrifuge (Beckmon L5-50). After centrifugation, 
the solution was separated into two layers. The deep red WGA-Au solution at the 
bottom was transferred to a new eppendorf tube using mouth pipette and kept at 
4 until use. 
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2.2.4 Preparation of Dil 
Dil (l,l'-dioctadecyl-3, 3, 3，，3'-tetramethylindocarbocyanine perchlorate) 
(Molecular Probes, D282) was prepared according to the procedures described 
by Serbedzija et al (1991). 5 mg of Dil crystal was dissolved in 1 ml of 100% 
ethanol followed by 10-minute centrifugation at 13,600 rpm at room temperature 
to separate the insoluble Dil crystals. Afterwards, 100 i^l of the solution was 
diluted in 1 ml of 0.3 M sucrose solution to form the 0.1% of Dil stock solution 
(weight/volume). Dil stock solution prepared was stored at 4 until use. 
2.2.5 Microinjection of WGA-Au or Dil 
Procedures for microinjection generally followed the methods described by 
Chan et al. (2004). Injection pipettes were made from glass capillaries with an 
internal diameter of 0.85 mm (GClOOT-15, Clark Electromedical Instruments, 
Kent, UK) using a vertical pipette puller (David Kopf Instruments, Model 720). 
Subsequently, a rubber tube was joined to the thick end of the injection pipette 
while the other end of the rubber tube was joined to a mouth piece. 
Before injection, both the WGA-Au and Dil stock solutions were spun 
down at 13400 rpm for 5 minutes at room temperature to avoid WGA-Au 
precipitates or insoluble Dil crystals. After centrifugation, Dil stock solution was 
diluted to 1:50 with 1% fast green solution for the ease of visualization of the 
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solution during microinjection, while WGA-Au solution was ready to use after 
centrifugation. 
Mouse embryos at E9.5 with 20 to 22 somites (Fig. 2.1a) were chosen for 
studying the sacral NCC migration because sacral NCC were still residing in the 
neural tube at this developmental stage. Under a dissection microscope, the thin 
tip of the mouth injection pipette filled with either WGA-Au or Dil pierced 
through the yolk sac membrane and the amniotic membrane with the aid of the 
watchmaker's forceps to stabilize the embryo. The fine tip of the pipette then 
punctured the dorsal surface of the neural tube at the trunk level to reach the 
lumen of the neural tube (Fig. 2.1b). The exogenous dye (WGA-Au or Dil) was 
gradually deposited into the lumen of the neural tube until the caudal end of the 
neural tube was completely filled up with WGA-Au or Dil (Fig. 2.1c). 
2.2.6 Preparation of rat serum 
Pure rat serum was one of the essential components of the embryo culture 
medium. Serum was extracted from male Sprague-Dawley (SD) rats. They were 
first anaesthetized by ether inhalation. The abdominal wall was then disinfected 
by 70% ethanol and cut open to expose the abdominal aorta and to withdraw 
blood using a 10 ml syringe. Extracted blood was subsequently transferred into a 
centrifuge tube and spun at 2200 rev/min (Hettich Universal II) for ten minutes 
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at room temperature. After centrifugation, blood cells were separated from the 
serum layer and the whitish fibrin clot in the supernatant. Serum was further 
extracted by squeezing the clot with a sterilized Pasteur pipette and the serum 
was further centrifuged at 3000 rev/min for 20 minutes at 4 � C (Eppendorf 
Centrifuge 5804R). Extracted serum (supernatant) was transferred to a new 
centrifuge tube with a Pasteur pipette and heat inactivated for 45 minutes at 56°C. 
Serum prepared was stored at -20 until use. 
2.2.7 Preparation of culture medium 
Embryo culture medium was prepared by mixing the heat-inactivated rat 
serum and the chemically defined culture medium (Appendix D) in a 1 to 4 ratio. 
Mixed embryo culture medium was transferred into a 30ml serum glass bottle 
and 1ml of the embryo culture medium was required to support the growth of 
every mouse embryo. 
2.2.8. In vitro whole embryo culture system 
30ml serum glass bottle containing mouse embryos was connected to a 
rotator system (B.T.C. Engineering, U.K.) rotating at 30 rev/min. Labelled 
embryos were cultured at 3 7 � C under a 5% CO2 and 95% O2 condition for 
various culture periods, i.e. 8，12, 16, 20 and 24 hours, to study migration 
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pathways of sacral NCC at different somite stages. For Dil labelled embryos, the 
serum glass bottles were wrapped with aluminum foil to avoid light exposure. 
2.2.9 Examination of embryo after culture 
Embryos after culture (Fig. 2.Id) were transferred in PBS (Appendix C). 
Morphological features including heart beat, yolk sac circulation, the number of 
branchial arches, optic and otic placodes, the presence of forelimb and hindlimb 
buds and the somite number were examined and recorded for assessing the 
normal growth of the cultured embryos and compared to those of mouse 
embryos developed in the uterus at the same developmental stage. Subsequently, 
cultured embryos were transected through the somite which locates just 
rostral to the sacral region of the mouse embryo (24-28 somite axial level). 
2.2.10 Histological preparation of WGA-Au labelled embryos 
Cultured embryos labelled with WGA-Au or Dil were treated differently. 
For those WGA-Au labelled embryos, after transection at the 22-somite axial 
.» 
level, the caudal embryonic segments were fixed with Camoy's fixative 
(Appendix E) for 45 minutes. Subsequently, the specimens were stained with 
several drops of eosin in 70% ethanol and then dehydrated in graded alcohol 
with 70%, 80%, 95% and 100% ethanol each for 5 minutes. Afterwards, the 
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samples were immersed in xylene two times each for three minutes. The 
embryonic segments were then infiltrated with paraffin max at 60°C with 
changes of wax every 10 minutes for three times. Afterwards, they were 
longitudinally oriented and embedded in paraffin wax for serial sectioning at 
thickness. Sections were then dried at 46®C and dewaxed under xylene. 
Afterwards, sections were then rehydrated in graded alcohol, i.e. 100%, 95%, 
80% and 75% ethanol, 5 minutes each, and then washed with distilled water. 
2.2.11 Silver enhancement staining on sections of WGA-Au 
labelled embryo 
Procedure for silver enhancement staining generally followed the method 
described by Chan and Lee (1992). Silver development solution was prepared in 
dark by mixing 255 ml of citrate buffer at pH 3.5 (Appendix F) with 45 ml of 
silver lactate solution (Appendix G). Sections were immersed in the silver 
development solution for 15 minutes and washed with distilled water twice with 
vigorous shaking for 1 minute. Afterwards, the sections were transferred to a 
photographer fixer (AGFA, fixer: distilled water = 1:3) for 5 minutes. Sections 
were then immersed in distilled water and counter-stained with 0.15% fast green 
(Gibco) for 1 minute. Then，sections were rinsed with distilled water to remove 
the excessive fast green from the slides and dehydrated by graded alcohol，70%, 
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80%, 95% and 100% ethanol each for five minutes. Eventually the slides were 
immersed in xylene for five minutes three times and the sections were mounted 
with Permount (Fisher Scientific) and covered by coverslips. 
2.2.12 Histological preparation of Dil labelled embryos 
Transected embryonic caudal segments labelled with Dil were washed with 
PBS (Appendix C) and then fixed in 4% paraformaldehyde (Riedel-de Haen, 
16005) in PBS at 4 � C overnight. Samples were washed with PBS and dehydrated 
with 7% and 20% sucrose solution for 30 minutes and 1 hour respectively. 
Afterwards, the samples were transferred into O.C.T. compound (Miles) and 
longitudinally oriented in a cylindrical mould. Subsequently, the samples were 
immediately frozen using iso-pentane (Riedel-de Haen) pre-cooled by liquid 
nitrogen. Processed samples were serially sectioned at 15 \im thickness using a 
cryostat (Shandon AS620E) at -24�C. Serial sections were examined under an 
epifluorescence microscope (Zeiss) with a filter to allow light at 535nm to pass 
through. 
2.2.13 Reconstruction of the mouse embryos 
Images of serial sections of the caudal embryonic segments after silver 
staining were captured and reconstructed into 3-dimensional mouse embryo 
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images with the computer software, Neurolucida (Microbrightfield Inc, USA), 
which was installed in a computer connected to a compound microscope (Zeiss). 
Essential features on the serial sections such as the outer surface epithelium, 
the neural tube, the dorsal aorta and the primitive gut were outlined by lines of 
different colours, while WGA-Au labelled cells were imitated by white dots on 
the computer monitor (Fig. 2.2a). Serial sections were one by one drawn in a 
rostrocaudal direction starting from the 24-somite axial level. Subsequently, 
images of the serial sections were stacked together with the aid of Neurolucida to 
form a 3-dimensional image of the embryonic segment (Fig. 2.2b). 
2.2.14 Cell counting on labelled sacral NCC between the 
anterior and posterior halves of the somite 
WGA-Au labelled cells located outside the neural tube were counted using 
Neurolucida. Initially, three embryos (n二3) at the somite stage were 
examined in 25, 28 and 31-somite axial levels. At each particular somite axial 
level, migrating labelled NCC were counted on each 5fim-thick section, while 
every somite-axial level had about 30 sections. The first 15 sections at the 
anterior region of the somite were averaged, while this process was done on 
every analyzed embryo (n=3). Subsequently, the three calculated values were 
averaged again. The value obtained was then regarded as the average anterior 
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sacral NCC per section. Similar process was done on the last 15 sections at the 
posterior region of the somite, and the calculated value was regarded as the 
average posterior sacral NCC per section. Finally the two values (the average 
anterior and posterior sacral NCC per section) were compared using the 
Mann-Whitney test from the software SPSS or Excel. The differences were 
significant when p<0.05. 
2.2.15 Cell counting on migrating labelled sacral NCC for 
each somite at different developmental stages 
Embryos at the 26出，28�30出，32"'^ and 34^ somite stage were examined in 
terms of migrating cell numliers. From each age group, five embryos were 
randomly selected to analyze (n=5). For each mouse embryo, ten sections 
through each somite were randomly selected and the number of labelled cells in 
each section was counted and recorded. The somites where sections were 
selected for cell count started rostrally from the 24-somite axial level and down 
to the last somite of the embryo. For the ten sections cutting through each somite, 
the first five sections were cut through the rostral end of the somite, and the last 
five sections were cut through the caudal end of the somite. The total labelled 
cell number/section was averaged to represent the average number of migrating 
sacral NCC from the neural tube at that particular somite level. The numbers of 
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migrating sacral NCC/section at different somite levels of embryos at different 
developmental stages were then compared and analyzed by either the 
Mann-Whitney test or Kruskal-Wallis test using the software SPSS or Excel. The 
differences were significant when p<0.05. 
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2.3 Results 
2.3.1 Development of E9.5 mouse embryo in vitro and in vivo 
Before the labelling results were analyzed, it is important to know whether 
after labelling with either WGA-Au or Dil, the in vitro development of the 
labelled E9.5 mouse embryos was normal comparing with the development of 
embryos in the pregnant mouse. It is only when the in vitro development of the 
embryos is normal we can assume that the migratory behaviors observed in the 
labelled embryos closely parallel those in vivo. 
After cultured for a maximum of 24 hours, labelled E9.5 mouse embryos 
developed normally into El0.5 embryos and exhibited various normal 
morphological features comparing with those of the E10.5 mouse embryos 
dissected directly from a pregnant mouse. The embryos after culture showed 
vigorous blood circulation and heart beat which were similar to those observed in 
mouse embryos developed inside the maternal uterus, indicating that embryos 
grew normally in the culture system. External features including the branchial 
arches, optic and otic vesicles, brain vesicles, heart and limb buds of the cultured 
embryos (Fig. 2.3a) appeared to be identical to embryos developed in vivo (Fig. 
2.3b). Moreover, the somite numbers of the cultured embryo and the E10.5 
embryos developed in vivo were also the same, and both of them also possessed 
34 somites (n=10, i.e. morphological features of 10 ICR embryos developed in 
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vivo were compared with 10 ICR cultured embryos). 
2.3.2 Labelling of sacral neural crest cells by means of 
different cell markers 
Different types of cell markers are designed to label specific cell types. Dil, 
a lipophilic molecule which has widely been used in tracing cell lineages in the 
central nervous system, was used for sacral NCC labelling. Dil was 
microinjected into the lumen of the neural tube to label the pre-migratory sacral 
neural crest cells still residing inside the neural tube of the E9.5 ICR mouse 
embryo, and then the labelled embryos were cultured in vitro for different 
periods of time. After Dil labelling and whole embryo culture for 24 hours, the 
distribution of Dil labelled cells was examined under an epifluorescence 
microscope. Labelled cells detached from the dorsal side of the neural tube to 
form a steam of labelled cells between the somite and the neural tube and 
migrated in a dorsomedial direction (Fig. 2.4a). It appeared that after labelling, 
NCC were able to move from the labelled neural tube to the mesenchyme. 
Nevertheless, the intensity of fluorescence in the Dil labelled sacral NCC was so 
strong that the cell boundaries of the individual labelled cells were blurred, 
making it difficult to count the number of migrating cells in the sections. Hence, 
WGA-Au was used. WGA-Au was microinjected into the lumen of the neural 
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tube to label the pre-migratory sacral NCC and the distribution of the WGA-Au 
labelled cells was examined in the sections 24 hours after culture (Fig. 2.4b). 
Comparing the sacral NCC migration after labelling with Dil and WGA-Au, it 
was found that migration patterns were similar regardless of the types of cell 
marker the sacral NCC were labelled with (Compare Fig. 2.4a and Fig. 2.4b) and 
that WGA-Au labelled cells were much easier to be identified and located along 
their migration pathway than the Dil-labelled cells. To map the early migration 
pathway of sacral NCC migrated from the neural tube, a time-course study of the 
migration, where embryos were examined at different time points up to 24 hours 
after culture, were performed by using WGA-Au labelling. 
1 
2.3.3 Migration of sacral neural crest cells at different 
developmental stages 
ICR mouse embryos at E9.5 (around the somite stage) were cultured 
for different time periods to study the sacral neural crest cells migration at 
different developmental (somite) stage. According to the current culture 
condition, two hours of culture would allow the formation of one somite. For 
instance, an 8-hour culture period is required for the development of a mouse 
embryo from the 22"^ somite stage to the 26出 somite stage. In other words, a 
24-hour culture period is required to allow the mouse embryo to develop to the 
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34也 somite stage. After culture, mouse embryos developed to the 26^ to 34出 
somite stages. Transverse sections were cut through successive somites 
commencing from somite 24, which has been regarded as the rostral border of 
the sacral region in the mouse (Le Douarin and Teillet, 1973, 1974; Pomeranz 
and Gerson, 1990; Pomeranz et al., 1991; Serbedzija et al., 1991), to the most 
caudal somite of the mouse embryo. The distributions of WGA-Au labelled cells 
at different developmental stages were described in the following sections. 
2.3.3.1 Distribution of sacral NCC at the somite stage 
The caudal embryonic segments were transversely sectioned through somite 
24 to 26. At the 24-somite axial level (Fig. 2.5a), sacral NCC (arrows in Fig. 2.5a) 
initiated cell migration and entered into the mesenchyme on two sides of the 
neural tube. Sacral NCC at the 25-somite axial level had also started to detach 
from the dorsal side of the neural tube and undergone an 
epithelial-to-mesenchymal transition (Fig. 2.5b). In contrast, at the 26-somite 
axial level, no labelled cells were found detached from the dorsal neural tube and 
the epithelial-to-mesenchymal transition was not observed (Fig. 2.5c). In the 3-D 
reconstruction model (Fig. 2.5d), more labelled cells located at the rostral region 
of the embryo, and sacral NCC had initiated cell migration from the neural crest 
at the 24 and 25-somite axial level only. 
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2.3.3.2 Distribution of sacral NCC at the somite stage 
In mouse embryos at this developmental (somite) stage，labelled sacral NCC 
at the 24 (Fig. 2.6a, arrows) and 25-somite axial level (Fig. 2.6b, arrows) were 
found in the mesenchymal regions between the neural tube and the somite and 
had migrated down about one-third of the distance between the dorsal and ventral 
edges of the neural tube. In contrast, labelled cells at the 26 (Fig. 2.6c, arrows) 
and 27-somite axial levels (Fig. 2.6d, arrows) had just started to detach from the 
neural tube. At the 28-somite axial level, no labelled cells were observed 
detaching from the neural tube (Fig. 2.6e), indicating that sacral NCC at this 
level had not yet started their migration. The overall migration pattern of the 
sacral NCC at this somite stage was demonstrated in a 3-D manner (Fig. 2.6f), in 
which more labelled cells were located at the rostral region of the caudal 
embryonic segment, indicating migration of sacral NCC followed a rostrocaudal 
order. 
2.3.3.3 Distribution of sacral NCC at the somite stage 
At this developmental stage, sacral NCC continued to detach from the 
dorsal side of the neural tube and migrated along a dorsomedial pathway at most 
axial levels examined. At the 24 to 29-somite axial levels (Fig. 2.7a-f, arrows), 
labelled migrating cells were located along the dorsomedial pathway extending 
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between the neural tube and the somite. Moreover, the migration distance of the 
most ventrally located labelled cells (i.e. the pioneer cells or the migration front) 
was increased in more caudal regions (i.e. at axial levels with greater somite 
numbers. Compare the migration distances shown in Fig. 2.7a, b with those in 
Fig. 2.7c, d) except the most caudal levels (28- and 29-somite levels) where 
neural crest cells had just started their migration from the neural tube. Thus, the 
most ventral labelled sacral NCC in the pelvic mesenchyme at the 24 and 
25-somite axial levels (Fig. 2.7a-b, arrows) had traversed only about one-third of 
the distance between the dorsal and ventral edges of the neural tube, while those 
at the 26 and 27-somite axial levels (Fig. 2.7c-d, arrows) had already migrated 
more than half of the distance measuring from the neural crest to the ventral 
border of the neural tube. Sacral NCC at the 28- and 29-somite axial levels had 
just initiated cell migration and therefore had a shorter migration distance (Fig. 
2.7e-f, arrows), and those at the 30-somite axial level were yet to migrate. In the 
3-D reconstruction, it was found that there was a general increase in the number 
of migrating cells at all somite axial levels examined comparing to the 
corresponding levels at earlier developmental stages, and the pioneer cells (the 
most ventrally located cells) were found in regions further ventral when 
compared with the locations of labelled cells at the previous developmental 
(somite) stages. 
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2.3.3.4 Distribution of sacral NCC at the somite stage 
Comparing with the migration pattern of sacral NCC at earlier 
developmental stages (Fig. 2.5-2.7), more labelled cells (Fig. 2.8a-f, arrows) had 
migrated from the neural tube at the 3 f 4 o 32"^ somite stage, and an increased 
number of migrating cells were found more ventrally in the mesenchyme on two 
sides of the neural tube. At this developmental stage, the most ventrally located 
labelled cells at the 24 to 28-somite axial levels (Fig. 2.8a-f, arrows) had 
migrated for more than half of the distance between the dorsal and the ventral 
edges of the neural tube. At the 26-somite axial levels, some labelled cells were 
found beyond the ventral edge of the neural tube and located dorsolateral to the 
dorsal aorta (Fig. 2.8c, arrows). In more caudal regions, the most ventrally 
located labelled cells at the 29-somite axial level (Fig. 2.8f, arrows) had only 
traversed about one-third of the same distance between the dorsal and ventral 
edges of the neural tube. At the 30 and 31-somite axial level, sacral NCC had just 
initiated cell migration (Fig. 2.8g- h), and at the 32-somite axial level, labelled 
cells were not seen migrating from the dorsal neural tube (Fig. 2.8i). In the 3-D 
reconstruction, it was found that the most ventrally migrating NCC were located 
at the 26 and 27-somite axial levels (Fig. 2.8j). 
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2.3.3.5 Distribution of sacral NCC at the 34仇 somite stage 
Labelled sacral NCC (Fig. 2.9a-i, arrows) at this developmental stage 
continued to migrate along the dorsomedial pathway at the 24 to 32-somite axial 
levels in the mesenchymal regions between the somite and the neural tube, and 
the ventral migration distance of NCC from the neural crest was further increased. 
The most ventral labelled NCC had migrated beyond the ventral edge of the 
neural tube to reach the regions lateral to the dorsal aorta (Fig. 2.9f, arrows) at 
the 29 somite-axial levels. Caudal to the 29-somite axial level, the migrating 
distance of sacral NCC was gradually decreased. Labelled cells at the 30 to 
33-somite axial levels had oiily migrated not more than half of the distance 
between the dorsal and ventral edges of the neural tube (Fig. 2.9g-j). At the 
34-somite axial level, no labelled sacral NCC were found migrating from the 
neural tube (Fig. 2.9k). Furthermore, there was no more sign of emigration from 
the neural tube at the 24 to 28-somite axial levels (Fig. 2.9a-e), as there were no 
labelled sacral NCC detaching from the dorsal side of the neural tube (Compare 
the dorsal side of the neural tube shown in Fig. 2.6a-b and Fig. 2.9a-b). In the 
3-D reconstruction, the ventral migration distance of sacral NCC was first 
increased with the axial levels from the 24 to 29 somites, and was then gradually 
decreased caudal to the 30-somite axial level (Fig. 2.91). 
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An overall migration pattern of sacral NCC in normal ICR mouse embryos 
at different axial levels from 24 to 34 somites axial levels at different 
developmental stage (the 26^ to 34^ somite stage) was demonstrated by a series 
of schematic diagrams (Fig. lOa-k). 
2.3.4 Defined migration pathways of the sacral neural crest 
cells 
After leaving the neural tube, neural crest cells migrated along defined 
pathways, in order to differentiate into different cell types, such as chondrocytes, 
melanocytes, neurons and glial cells. Hence, tracing the migration of neural crest 
cells may provide clues to the cell types they will differentiate into. According to 
the observations on sacral NCC migration patterns from the 24 to 34-somite axial 
levels in mouse embryos with 25 to 34 somites, it is found that the majority of 
sacral NCC migrated along the dorsomedial pathway extending from the dorsal 
neural tube to the region dorsolateral to the dorsal aorta. When sacral NCC 
followed this dorsomedial pathway, they migrated between the neural tube and 
the somite towards the dorsal aorta (Fig. 2.11a). It is postulated that some of 
them would eventually migrate towards the hindgut. According to the chick 
model (Bums et al., 2005), sacral NCC migrated from the neural tube would 
enter the hindgut to give rise to ENS cells. In addition, it was occasionally 
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observed that sacral NCC also migrated along the intersomitic pathway, the 
mesenhymal region lying between two successive somites (Fig. 2.11b). Based on 
the above observation on the migration pathways, a diagram illustrating these 
two migration pathways are shown in Fig. 2.11c. 
2.3.5 Quantification of migrating sacral NCC at different 
somite axial levels of embryos at different 
developmental stages 
When the average numbers of migrating sacral NCC in the anterior and 
posterior halves of the somite at different somite axial levels (25, 28 and 
31-somite axial levels) are compared, it was found that the numbers of migrating 
cells for the anterior and posterior halves did not show statistical differences (Fig. 
2.12). This indicated different regions of the somite might not influence the 
migration of neural crest cells. In contrast, neural crest cells in the trunk can only 
pass through the anterior half of the somite and the posterior half of the somites 
is not permissive for neural crest cell migration (Rickmann et al., 1985; 
Bronner-Fraser, 1986; Erickson et al., 1989; Serbedzija et a l , 1989). 
At the 26^ and 28^ somite stages (Fig. 2.13a-b), the average number of 
migrating labelled cells in the mesenchyme per section gradually decreased 
towards the caudal regions. At the 30^ somite stages (Fig. 2.13c), the average 
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numbers of migrating labelled cells in the mesenchyme were high at around the 
26 to 29-somite axial levels. At the and 34^ somite stages, the average 
numbers were also higher at the 26出 to 30出 somite levels (Fig. 2.13e, f). 
Moreover, the average number of labelled sacral NCC through each somite 
increased when the embryos were older (Fig. 2.14-15). For instance, the average 
numbers of migrating labelled cells were higher in embryos with 34 somites than 
those embryos with 26 somites at the same somite axial level. This indicated two 
possibilities: sacral NCC continued to migrate from the neural tube into the 
mesenchyme as the embryo grew bigger so that more labelled cells were found in 
the mesenchyme of the older embryo; or the migrating labelled cells underwent 
cell division to give rise to more labelled cells in the mesenchyme of the older 
embryo. Therefore，the number of labelled cells at a particular somite axial level 
gradually increased in embryos at more advanced developmental stages. 
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2.4. Discussion 
The enteric nervous system (ENS) consists of neurons and glial cells 
derived from the neural crest cells (NCC), which migrate from the vagal and 
sacral regions of the neural tube. The vagal region is defined as the post-otic 
hindbrain level adjacent to somites 1-7, while the sacral region locates caudal to 
somite 28 in chick embryos and caudal to somite 24 in mouse embryos (Young 
and Newgreen, 2001). Vagal NCC are the major source of the ENS that it has 
contributed for about 75% of the neurons and glial cells in the ENS (Le Douarin 
and Teillet, 1973; Peters-van der Sanden et al.，1993; Yntema and Hammond, 
1954; Bums and Le Douarin, 1998), while sacral NCC contribute less than 20% 
of the ENS cells (Young and Newgreen, 2001). In fact, the contribution of sacral 
NCC to the ENS had been controversial when Le Douarin and Teillet (1973) first 
observed that sacral NCC contributed some cells to the enteric ganglia of the 
hindgut, while a number of studies reported a complete absence of the 
contribution from the sacral NCC to the enteric neurons or glial cells in the 
hindgut (Allan and Newgreen, 1980; Kapur et al., 1992; Lecoin et al.，1996; 
Nishijima et al., 1990; Smith et al., 1977; Young et al., 1996). Until twenty-five 
years later, the contribution of sacral NCC to the ENS, as well as their time of 
arrival to the hindgut, and the phenotypes of the derivatives was eventually 
confirmed by the chick-quail interspecies grafting studies (Bums and Le Douann, 
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1998). Nevertheless, most works on studying sacral NCC are largely based on 
avian models and the corresponding studies, such as the timing of sacral NCC 
emigration from the neural tube and the entry to the hindgut on mouse models 
are very limited. In this chapter, two exogenous cell markers (WGA-Au and Dil) 
accompanied by whole embryo culture were employed to study the early 
migration of the sacral NCC in the mouse model. 
2.4.1. E9.5 mouse embryo grew normally in vitro using whole 
embryo culture 
In order to genuinely study the migration of sacral NCC, the culture Dom/+ 
and Dom/Dom environment provided to the explanted mouse embryos has to be 
comparable to those inside the maternal uterus. The normal morphological 
features of the mouse embryo after cultured for 24 hours indicate that the culture 
method used in the present study was suitable for the growth of mouse embryos 
from E9.5 to El0.5 in vitro. Hence, it was feasible to use this method along with 
other micro-manipulations to study the sacral NCC migration. Furthermore, it 
was also attempted to extend the culture period for up to 30 and 36 hours. 
However，it was found that the growth of the yolk sac membrane was unable to 
keep pace with the growth of the embryo inside the yolk sac, and the yolk sac 
membrane, which could expand as quickly as the enlargement of the embryo, 
— 
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gradually restricted the normal development of the embryo. After 30 to 36 hours 
of culture, some of the morphological features of the embryo had become 
abnormal, especially the tail bud. The tail bud was shorter than the normal tail 
bud and the somite number was lower than that of embryos developed inside the 
maternal uterus. One of the possible way to solve this problem is to dissect open 
the yolk sac membrane in order for the embryo to have enough space to grow. 
Unfortunately, when the yolk sac was open, a couple of crucial blood vessels on 
the membrane were inevitably damaged, leading to disturbances to the yolk sac 
circulation. As the yolk sac circulation is essential for the metabolism and organ 
formation of the embryo (Beck et al.，1967), dissecting the yolk sac membrane 
open for embryo culture perturbed the normal development of the mouse embryo, 
and our attempt to extend the culture period for more than 30 hours was 
unsuccessful. Therefore, the optimal culture period lies between E9.5 to E10.5. 
2.4.2. Migration of sacral neural crest cells at the 26^ '' somite 
stage 
Before studying the sacral NCC migration, it has to be decided which of the 
markers, either WGA-Au or Dil in the present study, was to be used in the 
experiments. Dil gave very strong fluorescence. Nevertheless, such strongly 
fluorescent signals from Dil were so strong that the cell boundaries of the 
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labelled cells because indistinct and individual labelled cells could not be 
identified and counted easily. Moreover, fluorescence of Dil can only last for 
several days. Therefore, specimens labelled with Dil could not be stored for a 
long period of time. Similarly, WGA-Au also acts as a short-term marker 
because WGA-Au particles and thence their signals are seriously diluted after 24 
hours (Chan and Tarn., 1988; Tarn and Beddington., 1987). Fortunately in the 
present study, embryos were cultured for 24 hours only, during which, WGA-Au 
signals could be easily detected after silver staining. Furthermore, signals of 
WGA-Au in the labelled cells were stained permanently and would not disappear 
after staining. In addition, individual labelled cell could be observed clearly 
under the light microscope which made quantification of labelled cells feasible in 
the present study. Hence, WGA-Au was chosen as the primary cell marker. 
The 24-somite axial level was the most rostral margin selected for the study 
of the sacral neural crest migration because it is the rostral end of the sacral 
region (Bums and Douarin, 1998; Heam and Newgreen, 2000; Pomeranz and 
Gershon, 1990). In a rostral-to-caudal direction, sacral NCC first started their 
migration at the 24-somite axial level and entered the mesenchyme adjacent to 
the neural tube. Subsequently, sacral NCC at the 25-somite axial level also began 
their migration by detaching from the neural tube, while sacral NCC at the 
26-somite axial level remained inside the neural tube of the embryos with 26 
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somites. More somites are formed also in a rostrocaudal direction as 
development progresses. Hence, it is not surprising that sacral NCC located in 
more rostral regions started their migration earlier than those in more caudal 
regions. 
2.4.3. Migration of sacral neural crest cells at the 28^ '' somite 
stage 
Akin to the migration pattern of sacral NCC observed at the 26^ somite 
stage, migration of sacral NCC in the rostral regions started earlier than that in 
the more caudal regions at the 28^ somite stage. It was also found that labelled 
cells had migrated more ventrally at the more rostral levels than in the caudal 
regions. For example，sacral NCC located at the 24-somite axial level initiated 
their migration first and migrated further ventrally than those located at the 
25-somite axial level. At this stage, only sacral NCC at the 24 to 27-somite axial 
levels had started migration, and NCC at the 27-somite axial level had just 
detached from the neural tube to enter the mesenchyme. At the 28-somite axial 
level，sacral NCC at the dorsal tip of the neural tube still remained inside the 
neural tube without leaving yet. Comparing to the corresponding somite axial 
levels at the 26^ somite stage, it was found that the majority of the sacral NCC 
had migrated to the more ventral positions, accompanied with an increased 
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number of migrating cells. For instance, sacral NCC at the 24-somite axial level 
in embryos with 26 somites (i.e. 26也 somite stage) had just started migration 
from the neural tube, while sacral NCC at the same axial level (24-somite axial 
level) in embryos with 28 somites (i.e. 28也 somite stage) had already migrated 
more ventrally down for about one-third of the distance between the dorsal and 
ventral edges of the neural tube. Similarly, migration distances of sacral NCC at 
the 25 and 26-somite axial levels in embryos with 28 somites (28也 somite stage) 
were also longer than those observed at the same levels but in embryos with 26 
somites only (26也 somite stage). In those embryos with 26 somites, sacral NCC 
at the 26-somite axial level were still inside the neural tube. Considering the 
relatively short migration distance of the sacral NCC at these developmental 
stages (embryos with 26 to 28 somites), it is unable to determine what kind of 
migration pathways the sacral NCC is following. All the sacral NCC had not yet 
reached the dorsal tip of the somite and their final destination cannot be 
determined yet. 
2.4.4. Migration of sacral neural crest cells at the 30也 somite 
stage 
Based on the observation on the migration behaviour of sacral N C C at the 
26^ and 28也 somite stage，it has been shown that sacral NCC started migration 
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earlier at more rostral somite axial level, resulting in a longer migration distance 
comparing with the same axial level of younger embryos. This is because the 
caudal region of the embryo starts to develop later than the rostral part. However, 
such migration pattern was not observed in embryos with more than 30 somites 
(embryos older than the 30^ somite stage). At the 24-somite axial level of the 
embryos with 30 somites, the migration distance of sacral NCC was slightly 
longer than that at the 25-somite axial level. Intriguingly, when the migration 
distances at these axial levels were compared with those in younger embryos 
with 28 somites, it was found that migration distances had not increased, 
meaning that the migration distance in the rostral regions did not increase with 
age. One of the possible explanations to this observation is that sacral NCC at 24 
and 25-somite axial levels might stay in the region of the dorsal root ganglia, 
presumably giving rise to cells of dorsal root ganglia. In contrast, starting from 
the 26-somite axial level, the migration distance of sacral NCC increased 
gradually with the axial levels and also with age. For example, sacral NCC had 
migrated more than half of the distance between the dorsal and ventral edges of 
the neural tube at the 27-somite axial level of embryos with 30 somites while the 
migration distance was shorter at more rostral level and in younger embryos. 
Apart from the migration distance, the number of migrating cells also increased 
at the corresponding somite axial level of embryos with 30 somites compared 
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with those embryos with 26 or 28 somites, indicating that sacral NCC continued 
to migrate from the neural tube when the embryo grew older. Furthermore, the 
number of migrating cells gradually increased with somite axial levels 
rostrocaudally from the 24-somite axial level and peaked at around the 27-somite 
axial level, and then decreased in the 28-29 somite axial levels. In addition, 
sacral NCC at the 30-somite axial level had not yet migrated from the neural 
crest. One of the explanations to these observations is that although the neural 
crest cells themselves might possess cell-autonomous properties, their 
surrounding microenviromnent through which they migrate might have changed 
at these regions (27 to 29-somite axial levels), and thus resulting in an increased 
rate of cell migration, since microenviromnent might also play a crucial role 
during the migration of neural crest cells (Young et a l , 2001). Moreover, the 28 
to 30-somite axial levels were the region where the last three somites developed, 
and therefore it is reasonable that the number of labelled cells was relatively 
lower than the rostral region of the embryo. 
2.4.5. Migration of sacral neural crest cells at the somite 
stage 
At this developmental stage，migration patterns at the 24 to 30-somite axial 
levels were very similar to the previous stage. Most sacral NCC at these levels 
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had migrated about half of the distance between the dorsal and ventral edges of 
the neural tube, with a few labelled cells at the 26-somite axial level located 
ventral to the ventral edge of the neural tube and in the region dorsolateral to the 
dorsal aorta. Further caudal at the 29-somite axial level, the migration distance 
was however comparatively shorter than that observed at the 26-somite level 
whereas sacral NCC at the 32-somite axial level had not begun to migrate yet. 
Since structures at caudal somite axial levels developed at more advanced 
developmental stages, the neural crest cells in these regions started their 
migration later than those at more rostral levels and hence they may have less 
time to undergo migration. Consequently the migration distance was relatively 
shorter in caudal regions. In addition, the majority of the sacral NCC migrated 
along the dorsomedial pathway, which was also observed in the sacral region of 
avian models (Bums and Douarin, 1998). In the chick-quail chimeric grafting 
studies (Bums and Douarin, 1998), these migrating sacral NCC eventually enter 
the hindgut and contribute to the ENS. When the labelled cells were counted at 
this developmental stage somite stage), the labelled cell number was higher 
than the number at the corresponding axial levels of embryos with fewer somites 
(i e. younger embryos), meaning that more labelled cells were found in the older 
embryos. In embryos with 32 somites, the number of migrating cells gradually 
increased rostrocaudally from the 24-somite axial level, peaked at the 27-somite 
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axial level, and then gradually decreased from the 28- to 32-somite axial level. 
At the 32-somite axial level, sacral NCC had not migrated yet. This peculiar 
migration pattern of sacral NCC might due to the postulation mentioned 
previously that changes of the microenvironment might affect the migration of 
sacral NCC, resulting in a higher number of migrated labelled cells at the 
27-somite axial level. 
2.4.6. Migration of sacral neural crest cells at the 34伪 somite 
stage 
Comparing with the migration distance observed at the 24 to 29-somite 
axial levels in embryos with 32 somites (i.e. somite stage), most sacral NCC 
at the corresponding levels had migrated to some more ventral regions at this 
developmental stage. For instance, the migration distance of sacral NCC at the 
24 to 29-somite axial levels of embryos with 32 somites (i.e. at the somite 
stage) was about half of the distance between the dorsal and ventral edges of the 
neural tube, except for a few individual labelled cells at the 26-somite axial level 
which that had already passed beyond the ventral edge of the neural tube. 
However, the migration distance of some sacral NCC at the corresponding 
somite axial levels of embryos with 34 somites (i.e. at the 34^ somite stage) had 
already extended beyond the ventral border of the neural tube. In addition, the 
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longest ventral migration distance of sacral NCC at the 28 and 29-somite axial 
levels had almost gone all the way ventrally to the region around the dorsal aorta. 
This indicated that sacral NCC at this developmental stage were ventrally 
migrating along the dorsomedial pathway. Moreover, the migration distance of 
sacral NCC in individual somite axial level increased rostrocaudally within the 
region of 24 to 29-somite axial level. For instance, sacral NCC found at the 
28-somite axial level migrated more ventrally than those at the 27-somite axial 
level. Similar to the observation at the somite stage, the migration distance 
and number of labelled pioneer cells caudal to the 30-somite axial level gradually 
decreased, indicating sacral NCC at these regions had just initiated cell 
migration. 
After analyzing the migration of sacral neural crest cells at different 
developmental stages (i.e. somite stages)，a few conclusions are drawn: 
a) In younger embryos with 24 and 25 somites (i.e. at the 24出 and 25出 
somite stages), migration of sacral NCC has just begun. The migration distance 
is longer and the number of labelled cells is higher at more rostral axial levels. 
This is because the neural tube develops in a rostral-to-caudal manner and the 
formation of the neural crest also follows this rostrocaudal sequence. Hence the 
sacral neural crest at the rostral level forms first and the sacral neural crest cells 
start migration first. As a result, sacral NCC at the rostral regions have more time 
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to migrate for a longer distance. 
b) In older embryos with 26 to 34 somites (i.e. at the 26^ to 34^ somite 
stages), the migration distance of pioneer sacral NCC (most ventrally located 
labelled cells) is even longer and the number of labelled cells is further increased 
in more caudal regions, and usually the number of labelled cells peaks at around 
27- to 29-somite axial levels. It appears that sacral NCC at the 27- to 29-somite 
levels are more numerous, more capable of migrating to some more ventral 
positions and more likely to be able to get to the hindgut. Apart from the neural 
crest cells themselves, the microenvironment through which they migrate might 
have changed at these regions (27 to 29-somite axial levels), which augments the 
rate of cell migration, since microenvironment might also affect the migration of 
neural crest cells (Young et al., 2001). In fact, the mesenchyme between the 
hindgut and the neural tube gradually become shorter at the axial levels caudal to 
somite 27 and the hindgut ends at around the 30-somite axial level, where the 
anus is formed. Therefore, it is not surprising that sacral NCC originated at the 
27- to 29-somite axial levels migrate dorsoventrally towards the hindgut through 
the shortest distance. 
c) The migration distance and the number of labelled cells gradually 
decreased in the regions caudal to 29-somite axial level. Similar to the 
explanation in (a), NCC in more caudal regions may have comparatively shorter 
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time to migrate because they are formed at more advanced stages. 
2.4.7. Majority of sacral neural crest cells migrate along the 
dorsomedial pathway 
Throughout the studies, it was found that sacral NCC migrated either along 
a dorsomedial or an intersomitic pathway. The majority of sacral NCC followed 
the dorsomedial pathway, and migrated along the mesenchyme between the 
neural tube and the somite towards the dorsal aorta. In accordance with the 
studies in avian models (Bums and Le Douarin, 1998)，sacral NCC in avian 
embryos also follow a similar dorsomedial pathway and eventually enter the 
hindgut to give rise to enteric neurons and glial cells (Bums and Le Douarin, 
1998). Therefore，it is postulated that sacral NCC following this dorsomedial 
pathway in the mouse embryo are also destined to the hindgut. 
Apart from the dorsomedial pathway, there were a few sacral NCC 
migrating along the intersomitic pathway which lies between two successive 
somites. Nevertheless, intersomitic labelled cells were rarely observed 
throughout the study. 
According to other studies on neural crest cells migration on mouse 
embryos (Stanchina et a l , 2006), neural crest cells might also migrate along a 
dorsolateral pathway, which lies between the somite and the surface ectoderm. 
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Neural crest cells following this pathway would eventually form pigment cells, 
including melanophores, iridophores and xanthophores (Erickson and Reedy, 
1998; Vaglia and Hall, 2000). However, in our present study, sacral NCC had not 
been found along the dorsolateral pathway under the surface ectoderm within the 
developmental period examined. It may be possible that sacral NCC that follow 
the dorsolateral pathway begin their migration only after El0.5, the time point 
beyond which whole embryo culture cannot support the normal development of 




















Fig. 2.1. a-d 
Photomicrographs showing WGA-Au labelling and the labelled embryo before 
and after culture in vitro, (a) An E9.5 mouse embryo at the somite stage with 
an intact yolk sac membrane (ysm) and an ectoplacental cone (ec). WGA-Au or 
Dil will be microinjected into the lumen of the neural tube at the trunk region, (b) 
During the process of labelling, the mouse embryo is held by a pair of forceps 
and WGA-Au (deep red solution loaded at the tip of the injection pipette) is 
being microinjected into the lumen of the neural tube toward the caudal end of 
the neural tube through an injection pipette with an internal diameter of 0.85mm. 
(c) A WGA-Au labelled embryo before culture. The lumen of the neural tube 
(arrows) is filled with the cell marker (WGA-Au solution, deep red) to label the 
pre-migratory sacral NCC within the neural tube, (d) 24 hours after culture at 
El0.5，the labelled region of the neural tube can still be clearly seen. 
82 


















 . , , 、 c ( ： . ： ； f























 . . .















 y . i 
•
 •















 . • / • •




















 . . .
 -
 .





 ： ； 
. • •
 • -















































































 - . -











 . . . . . . 季 ： . i l ? . . . . , . r . 、 . j
 . . .
 , 








 / - i .
 -
Fig. 2.2. a-d 
3-D reconstruction of the caudal part of a mouse embryo segment using 
Neurolucida (a) A drawing of a section through the caudal embryonic segment 
before reconstruction. Drawings of sections through the 24^ to somites are 
stacked to reconstruct a 3-D image of the embryo. Pale blue line: the outline of 
the section; red line: neural tube; purple line: dorsal aorta; yellow line: primitive 
gut; white dots: WGA-Au labelled cells, (b) A reconstructed image of the caudal 
segment from the axial level of the 24^ to 34^ somites of a mouse embryo at the 
36^ somite stage. 
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Fig. 2.3. a-d 
Comparison of morphological features of mouse embryos cultured in vitro and 
developed in vivo, (a) Lateral view of an El0.5 mouse embryo which has been 
cultured for 24 hours. The yolk sac membrane of the embryo has been removed 
after culture, (b) Embryo at the same developmental stage (E10.5) directly 
isolated from a pregnant mouse. The normal appearance of the branchial arches 
(BA), optic vesicles (OP) and otic vesicles (OT), brain vesicles (B), heart (H), 
limb buds (LB), somites (S), tail bud (TB) and other morphological features of 
the cultured embryo indicates that the embryo developed normally in vitro 
compared with the embryo developed in vivo. (n=10, i.e. morphological features 
of 10 ICR embryos developed in vivo are compared with 10 ICR cultured 
embryos). 
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Fig. 2.2. a-d 
Comparison of the distribution patterns of sacral NCC labelled with different cell 
markers, namely Dil and WGA-Au, in normal mouse embryos 24 hours after 
culture, (a) Transverse section through somite 26 of a Dil (a widely used cell 
marker) labelled embryo at the" somite stage showing distribution of Dil 
labelled cells (arrows, red fluorescent cells), (b) Transverse section through 
somite 26 of a WGA-Au labelled embryo at the somite stage showing 
distribution of WGA-Au labelled cells (arrows, cells laden with black particles) 
similar to that observed in Dil labelling (Compare (a) with (b)). nt: neural tube; s: 
somite; d: dorsal side of the embryo; v: ventral side of the embryo. 
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Fig. 2.5. a-d 
Distribution of sacral NCC (WGA-Au labelled cells) in embryos at the 26^ 
somite stage. The caudal embryonic segment is sectioned through successive 
somites commencing from somite 24 to somite 26 (expressed as the axial level 
by referring to individual somites). At this developmental stage, most WGA-Au 
labelled cells (cells laden with black particles) reside inside the neural tube. Only 
a few of them have migrated from the neural tube into the pelvic mesenchyme. 
Labelled sacral NCC at the 24 (a) and 25-somite (b) axial levels have initiated 
their migration by undergoing an epithelial-to-mesenchymal transition (EMT) 
and detached from the dorsal side of the neural tube (black arrows: labelled cells 
are detaching from the neural tube), whereas sacral NCC at the 26-somite axial 
level (c) have not yet initiated cell migration and no labelled cells are found 
coming out from the neural tube at this axial level, da: dorsal aorta; hg: hindgut; 
nt: neural tube; s: somite; d: dorsal side of the embryo; v: ventral side of the 
embryo. 
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Fig. 2.5. d 
A combined image of the embryonic caudal segment from the images of the 
serial sections of WGA-Au labelled mouse embryos at the 26^ somite stage. 
Images of serial sections are stacked to reconstruct the 3-dimensional caudal 
segment extending from somites 24 to 26. The embryo has been labelled with 
WGA-Au at the 22"'^  somite stage and cultured to the 26^ somite stage. Sacral 
NCC initiate cell migration at the 24 and 25-somite axial levels, but not at the 
26-somite axial level. Pale blue line: the outline of the section; red line: neural 
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Fig. 2.94. a-d 
Distribution of sacral NCC (WGA-Au labelled cells) in embryos at the 28出 
somite stage. At this developmental stage, labelled NCC (black arrows, cells 
with black particles) have migrated from the dorsal side of the neural tube at the 
24 (a) and 25-somite (b) axial levels, while labelled NCC at the 26-somite axial 
level (c) have just initiated cell migration and detached from the neural tube. At 
the 27-somite axial level (d), labelled cells are not found in the mesenchyme but 
instead, a few labelled cells are seen detaching from the neural tube (arrow), (e) 
No labelled sacral NCC at the 28-somite axial level are observed coming out 
from the neural tube, indicating that sacral NCC have not yet initiated cell 
migration at this level, da: dorsal aorta; nt: neural tube; s: somite, d: dorsal side 
of the embryo; v: ventral side of the embryo. 
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Fig. 2.6. f 
A combined image reconstructed from images of the serial sections through the 
caudal segment of a WGA-Au labelled mouse embryo at the 28^ somite stage. 
The images of the serial sections are stacked to reconstruct the 3-dimensional 
f 
caudal segment extending from somites 24 to 28. The embryo has been labelled 
with WGA-Au and cultured to the 28^ somite stage. Sacral NCC at the 24 to 
26-somite axial level have started their migration but no sacral NCC are 
observed at the 27 and 28-somite axial levels completely outside the neural tube, 
indicating they are still fully or partly inside the neural tube. Pale blue line: the 
outline of the section; red line: neural tube; purple line: dorsal aorta; yellow line: 
primitive gut; white dots: WGA-Au labelled cells. 
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Fig. 2.98. a-d 
Distribution of sacral NCC (WGA-Au labelled cells) in embryos at the 30^ 
somite stages. At this developmental stage, labelled sacral NCC continue to 
detach from the dorsal side of the neural tube, and labelled sacral NCC 
emigration (arrows: the most ventrally migrating labelled cells) are seen at 
almost all the axial levels examined (from the 24 to 29-somite axial levels, a to f) 
except the 30-somite level (g). Moreover, the migration distance of the most 
ventrally located labelled sacral NCC from the dorsal tip of the neural tube (i.e. 
the distance from the neural crest to the most ventrally located labelled cells in 
the pelvic mesenchyme) increases in more caudal regions (i.e. at axial levels with 
greater somite numbers. Compare the migration distances shown in a, b with 
those in c, d). The most ventral labelled cells (indicated by arrows) in the pelvic 
mesenchyme at the 24 and 25-somite axial levels (a-b) have traversed about 
one-third of the distance between the dorsal and ventral edges of the neural tube, 
while those at the 26 and 27-somite axial levels (c-d) have already migrated 
about half of the distance measuring from the neural crest to the ventral border of 
the neural tube. At the 28-somite axial level, the migration distance is 
comparatively shorter (e), and at the 29-somite axial level, sacral NCC have just 
detached from the neural crest (f). Sacral NCC at the 30-somite axial level have 
not initiated cell migration (g). da: dorsal aorta; nt: neural tube; s: somite; d: 
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dorsal side of the embryo; v: ventral side of the embryo. 
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Fig. 2.7. i-k 
A combined image reconstructred from images of the serial sections through the 
caudal segment of a WGA-Au labelled mouse embryos at the 30也 somite stage. 
Images of the serial sections are stacked to reconstruct the 3-dimensional caudal 
segment extending from somites 24 to 30. The embryo has been labelled with 
WGA-Au and cultured to the 30也 somite stage. The longest migration distance at 
this developmental stage extends about half of the dorso-ventral extent of the 
neural tube at the 24 to 28-somite axial levels. Pale blue line: the outline of the 
section; red line: neural tube; purple line: dorsal aorta; yellow line: primitive gut; 
white dots: WGA-Au labelled cells. 
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Fig. 2.8. i-k 
Distribution of sacral NCC (WGA-Au labelled cells) in embryos at the 
somite stage. Comparing with the corresponding axial levels at the previous 
developmental stages, there are more labelled sacral NCC (arrows: the most 
ventrally migrating labelled cells) migrating from the neural tube at this 
developmental stage. Moreover, some NCC have migrated further ventrally in 
the mesenchyme on two sides of the neural tube. The most ventally positioned 
labelled cells have already passed beyond the ventral border of the neural tube, 
and located dorsolateral to the dorsal aorta at the 26-somite axial level (black 
arrow at (c)). Sacral NCC at the 24 to 25-somite axial levels (a-b) have migrated 
about two-thirds of the distance between the dorsal and the ventral borders of the 
neural tube. Those labelled cells at the 27 and 28-somite axial levels (d-e) have 
also traversed more than half of the distance between the dorsal and ventral 
edges, (black arrows). Caudal to the 29-somite axial level, the migration distance 
gradually becomes shorter (f), and at the 30 and 31-somite axial levels, sacral 
NCC have just detached from the neural crest (g-h), while at the 32-somite axial 
level, labelled sacral NCC are not found in the mesenchyme (i). da: dorsal aorta; 
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Fig. 2.8. i-k 
A combined image reconstructed from images from the serial sections through 
the caudal segment of a WGA-Au labelled mouse embryo at the somite 
stage. Images of the serial sections are stacked to reconstruct the 3-dimensional 
caudal segment extending from somites 24 to 32. The embryo has been labelled 
with WGA-Au and cultured to the somite stage. Sacral NCC have migrated 
further ventrally than those at the earlier developmental stages. A few labelled 
cells (white arrows) have already passed beyond the ventral edge of the neural 
tube and located adjacent to the dorsal aorta. Pale blue line: the outline of the 
section; red line: neural tube; purple line: dorsal aorta; yellow line: primitive gut; 
white dots: WGA-Au labelled cells. 
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Fig. 2.9. i-k 
Distribution of sacral NCC (WGA-Au labelled cells) in embryos at the 34^ 
somite stages. At this developmental stage, labelled sacral NCC (black arrows: 
the most ventrally located labelled cells) at the 24 to 32 somite-axial levels 
continue to migrate along the dorsomedial pathway lying between the neural 
tube and the somite (a-i). The most ventral labelled NCC (black arrows in e and f) 
have migrated beyond the ventral edge of the neural tube to reach the regions 
lateral to the dorsal aorta at the 28 to 29-somite axial levels. In addition, the 
migration distance of labelled sacral NCC has rapidly decreased caudal to the 
29-somite axial levels. For instance, the longest ventral migration distance of 
sacral NCC at the 30-somite axial level (g) is only about half of the distance 
between the dorsal and ventral edges of the neural tube, while those at the 31 to 
33-somite axial level (h-j) are only about one-third of the same distance from the 
neural crest. Labelled sacral NCC are not found at the 34-somite axial level (k). 
da: dorsal aorta; nt: neural tube; s: somite; d: dorsal side of the embryo; v: 






























































































































































A combined image reconstructed from images of the serial sections through the 
caudal segment of a WGA-Au labelled mouse embryo at the 34^ somite stage. 
Images of the serial sections are stacked to reconstruct the 3-dimensional caudal 
segment extending from somites 24 to 34. The embryo has been labelled with 
WGA-Au and cultured to the 34伍 somite stage. The longest ventral migration 
distance of sacral NCC is found at the 28 and 29-somite axial levels. Pale blue 
line: the outline of the section; red line: neural tube; purple line: dorsal aorta; 
yellow line: primitive gut; white dots: WGA-Au labelled cells. 
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Fig. 2.10. a-b 
Schematic diagrams showing the sacral neural crest cells migration at the 24 and 
25-somite axial levels. At 24-somite axial level (a), sacral NCC in embryos with 
26 to 28 somites (at the 26^ to 28^ somite stages) have already detached from 
the neural tube and migrated for a relatively short distance (indicated by the blue 
arrow from the dorsal neural tube). At the subsequent developmental stages (i.e. 
at the 30^ to 34出 somite stage), sacral NCC migrate further ventrally (indicated 
by the white and blue arrows further ventral to the blue arrow connecting with 
the dorsal neural tube) and at the 34^ somite stage, sacral NCC have already 
migrated half of the distance between the dorsal and ventral edges of the neural 
tube. At the 25-somite axial level (b)，sacral NCC in embryos with 26 somites 
(i.e. at the 26^ somite stage) have just detached from the neural crest (indicated 
by the blue arrow connecting with the dorsal neural tube), while at the 28^ and 
30^ somite stage, sacral NCC have migrated for about one-third of the distance 
between the dorsal and ventral edges of the neural tube (indiated by the white 
arrow between the two blue arrows). At 32"^ and 34^ somite stage, sacral NCC 
continue to migrate ventrally towards the dorsal aorta (indicated by the most 
ventrally placed blue arrow), s, somite; nt, neural tube; da, dorsal aorta; hg, 
hindgut; d: dorsal side of the embryo; v: ventral side of the embryo. 
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Fig. 2.10. i-k 
Schematic diagrams showing the sacral neural crest cells migration at the 26 and 
27-somite axial levels. At the 26-somite axial level (c), sacral NCC in embryos 
with 26 somites (i.e. at the 26^ somite stage) have not yet started their cell 
migration, and only by the 28^ somite stage，sacral NCC start their migration 
from the dorsal neural tube (indicated by the blue arrow connecting with the 
dorsal neural tube). Sacral NCC at the subsequent developmental stages continue 
to migrate from the neural tube and migrate more ventrally (indicated by the 
white and blue arrows drawn in more ventral position). At the 30^ somite stage, 
sacral NCC have migrated about half of the distance between the dorsal and 
ventral edges of the neural tube (indicated by the white arrow). The most 
ventrally located sacral NCC at this axial level are found in embryos with 32 to 
34 somites (i.e. at the to 34^ somite stage). They have already passed 
beyond the ventral edge of the neural tube and are located dorsolateral to the 
dorsal aorta. Similarly, at the 27-somite axial level (d), sacral NCC have started 
their migration at the 28^ somite stage (indicated by the short blue arrow 
connecting with the dorsal neural tube). Most ventrally located sacral NCC have 
migrated more than half of the distance between the dorsal and ventral edges of 
the neural tube at 30^ somite stage. For later developmental stages (i.e. and 
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somite; nt, neural tube; da, dorsal aorta; hg, hindgut; d: dorsal side of the embryo; 
V： ventral side of the embryo. 
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Fig. 2.10. i-k 
Schematic diagrams showing the sacral neural crest cells migration at the 28 and 
29-somite axial levels. At the 28-somite axial level (e), sacral NCC in embryos 
with 28 somites (i.e. at the 28^ somite stage) have not initiated cell migration. At 
the 30^, 32nd，and 34也 stages, sacral NCC gradually migrate ventrally (indicated 
by the blue arrow connecting with the dorsal neural tube, white arrow and the 
other blue arrow, respectively), and the most ventrally located sacral NCC are 
located dorsolateral to the dorsal aorta at the 34^ somite stage. At the 29-somite 
axial level (f), sacral NCC in embryos with 30 somites (at the 30^ somite stage) 
have detached from the neural crest and entered the surrounding mesenchyme 
(indicated by the blue arrow connecting with the dorsal neural tube). Sacral NCC 
at the 32nd somite stage have migrated half of the distance between the dorsal and 
ventral edges of the neural tube, while those at the 34^ somite stage have also 
passed through the entire ventral edge of the neural tube and are located 
dorsolateral to the dorsal aorta, s, somite; nt, neural tube; da, dorsal aorta; hg, 
hindgut; d: dorsal side of the embryo; v: ventral side of the embryo. 
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Fig. 2.118. i-k 
Schematic diagrams showing the sacral neural crest cells migration at the 30 and 
31-somite axial levels. At the 30-somite axial level (g), sacral NCC in embryos 
with 32 somites (at the 32"'^  somite stage) have detached from the neural crest 
and entered the mesenchymal region between the somite and neural tube 
(indicated by the blue arrow connecting with the dorsal neural tube), while those 
at the 34^ somite stage have migrated for about half of the distance from the 
neural crest to the ventral edge of the neural tube (white arrow). At the 31-somite 
axial level (h), sacral NCC in embryos with 32 somite (at the somite stage) 
have just detached from the neural tube (blue arrow) and those at the 34^ somite 
stage have migrated for about one-third of the distance between the dorsal and 
ventral edges of the neural tube (white arrow). 
s, somite; nt，neural tube; da, dorsal aorta; hg, hindgut; d: dorsal side of the 
embryo; v: ventral side of the embryo. 
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Fig. 2.10. i-k 
Schematic diagrams showing the sacral neural crest cells migration at the 32 to 
34-somite axial levels. At the 32 and 33-somite axial levels (i, j), only sacral 
NCC in embryos with 34 somites (at the 34^ somite stage) are located in the 
mesenchymal region between the neural tube and the somite (blue arrow), but 
those at the 32°d somite stage have not begun migration at the 32-somite axial 
level. At the 34-somite axial level, no sacral NCC are found in the mesenchymal 
region, s, somite; nt, neural tube; da, dorsal aorta; hg，hindgut; d: dorsal side of 
the embryo; v: ventral side of the embryo. 
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Fig. 2.11. i-k 
Sacral neural crest cells migrate along two defined pathways: 
(a) Transverse section through somite 27 showing WGA-Au labelled cells 
(arrows) along the dorsomedial pathway between neural tube (nt) and 
somites (s). d: dorsal side of the embryo; v: ventral side of the embryo 
(b) Transverse section through the intersomitic region between somite 27 and 
somite 28, showing WGA-Au labelled cells (arrows) migrating between two 
successive somites, d: dorsal side of the embryo; v: ventral side of the 
embryo 
(c) Drawing of a caudal segment of an El0.5 embryo showing the two migratory 
pathways: dorsomedial (brown arrow) and intersomitic pathway (blue arrow). 
Dotted lines A and B indicate the plans through which the transverse sections 
shown in (a) and (b) pass, respectively, nt, neural tube; s, somite; da，dorsal 
aorta; hg, hindgut. 
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Fig. 2.12 
Comparison of migrating labelled sacral NCC numbers between the anterior and 
posterior halves of the somite. Three axial levels, namely the 25，28 and 
31-somite axial levels, are examined, and three WGA-Au labelled embryos with 
33 somites (i.e. at the somite stage) have been randomly chosen for analysis. 
Five sections from the anterior half and another five sections from the posterior 
half of the somites were randomly chosen from each embryo for cell counting 
(see Materials and Methods section). It was found that the number of migrating 
labelled cells does not statistically differ between the anterior and posterior 
halves of the somite. No significant differences are found when values for the 
anterior and posterior halves of the somite at the same developmental stage are 
compared (p>0.05, Mann-Whitney). 
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Fig. 2.12 
Comparison of migrated sacral NCC between anterior 
and posterior region of somite at 33rd somite stage 
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Fig. 2.126. i-k 
Average numbers of migrating labelled sacral NCC per section (5nm thick) for 
each somite (i.e. at different somite axial levels) of embryos at different 
developmental stages. At each particular somite axial level and at each somite 
stage, five embryos are randomly chosen for analysis and the labelled cells in a 
total of 10 sections through each somite were counted. At the 26^ and 28^ 
somite stages (a-b), the average number of migrating labelled NCC gradually 
decreases towards the more caudal somite axial levels. This is because neural 
tube develops in a rostrocaudal direction, and the formation of the neural crest 
also follows this rostral-to-caudal sequence. Hence the sacral neural crest at the 
rostral level forms earlier and the sacral neural crest cells start migration first. As 
a result, sacral NCC at the rostral regions have more time to migrate for a longer 
distance. At the 30也 to 34& somite stages (c-e), more migrating labelled cells are 
found at the 26- to 29-somite axial levels. One of the postulations to this 
observation is that microenvironment through which they migrate might have 
changed at these regions (27 to 29-somite axial levels), which augments the rate 
of cell migration, since microenvironment might also affect the migration of 
neural crest cells. In fact, the mesenchyme between the hindgut and the neural 
tube gradually become shorter at the axial levels caudal to somite 27 and the 
hindgut ends at around the 30-somite axial level, where the anus is formed. In 
120 

fact, the average number of labelled cells decreases at the 30-somite axial level at 
30^ to 34^ somite stage. 
The average number of migrating sacral NCC at particular somite axial level is 
compared with other somite axial level that is either caudal or rostral to it. For 
example, the red asterisk appeared on 25-somite axial level in (a), meaning that 
the difference between the average number of sacral NCC at this somite axial 
level, is significantly different from those at 26-somite axial level, while the 
green asterisk appeared on 25-somite axial level in (a), meaning that the 
difference between the average number of sacral NCC at this somite axial level， 
is significantly different from those at 24-somite axial level. The same way of 
interpretation applies to (b-e). It is found that difference of the average number 
of labelled sacral NCC is mostly significant compared to those located at the 
somite axial level either rostral or caudal to it. (*p<0.05 for comparison with 
more caudal somite axial level and *p<0.05 for comparison with more rostral 
somite axial level, Mann-Whitney and Kruskal-Wallis). The data are presented as 
mean 士 SEM (n = 5, i.e. 5 embryos are randomly chosen for analyzing each 
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Line diagram showing the average number of labelled NCC at different somite 
axial levels of embryos. Each coloured line represents one developmental stage 
(somite stage, ss). At each axial level, the average number of migrating sacral 
NCC is increased in embryos at more advanced developmental stage (somite 
stage, ss), indicating that sacral NCC continue to detach from the neural tube and 
migrate along specific pathways. For instance, the average numbers of migrating 
labelled cells are higher in embryos with 34 somites at all axial levels than those 
at the 26伍 somite. 
At each somite axial level, the average number of sacral NCC is compared 
among different somite stages. For example, the average number of sacral NCC 
at 24-somite axial level with 26 somites in the embryo (i.e. 26^ somite stage), 
would be compared with those also located at 24-somite axial level but at other 
somite stages (i.e. 28也，30也，and 34也 somite stages), and the difference of 
the average number of labelled sacral NCC among different somite stages is 
significant at all the examined somite axial levels (*p<0.05 for comparison with 
26^ somite stage, *p<0.05 for comparison with 28^ somite stage, p<0.05 for 
comparison with 30^ somite stage, *p<0.05 for comparison with somite 
stage and *p<0.05 for comparison with 34^ somite stage, Mann-Whitney and 




































































































































Line diagram showing the average number of labelled NCC at different 
developmental stages. Each coloured line represents one somite axial level (axial 
level, al). Number of migrating sacral NCC at the same somite axial level is 
increased at more advanced developmental stage, indicating sacral NCC continue 
to detach from the neural tube and migrate in the mesenchyme during embryonic 
development. At the 26^ and 28也 somite stage, the number of migrated labelled 
cells is higher at the more rostral somite axial levels. However, at the 30^ somite 
stage, the number of migrating labelled cells in 26 and 27-somite axial levels is 
higher than those at the 24 and 25-somite axial levels. At the somite stage, 
the number of migrating labelled cells at the 26 to 29-somite axial levels is also 
higher than those in 24 and 25-somite axial levels. Caudal to 29-somite axial 
level, the number of migrated labelled cells is higher at more rostral somite axial 
levels. For instance, the number of labelled cells is higher at the 33-somite axial 
level than those at the 34-somite axial level of embryos at the 34^ somite stage. 
The average number of migrating sacral NCC at particular somite stage is 
compared either with those at earlier or later somite stage under the same somite 
axial level. For example, the red asterisk appeared on 28^ somite stage at 
26-somite axial level (yellow line), meaning that the difference between the 
average number of sacral NCC at this somite stage, is significantly different from 
133 
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those at 30^ somite stage, while the blue asterisk appeared on 28^ somite stage 
at 26-somite axial level (yellow line), meaning that the difference between the 
average number of sacral NCC at this somite stage, is significantly different from 
those at 26^ somite stage. It is found that difference of the average number of 
labelled sacral NCC is mostly significant compared to those located at the either 
earlier or later somite stage. (*p<0.05 and *p<0.05, Mann-Whitney and 
Kruskal-Wallis). The data are presented as mean 士 SEM. (n = 5, i.e. 5 embryos 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter Three The early migratory pathways of Dom mouse sacral neural crest cells 
— Introduction 
Chapter 3 
The early migratory pathways of 
Dom mouse sacral neural crest cells 
3.1 Introduction 
Both enteric neurons and melanocytes are derived from neural crest cells 
(NCC). NCC migrate from the neural ectoderm and eventually colonize the 
entire gut and the basal layer of the epidermis (Lee et al., 2003). The whole 
course involves the migration, proliferation, survival and differentiation of the 
NCC. Aberration of any one of these processes of the NCC would definitely 
upset the normal embryonic development, resulting in various congenital 
disorders including Hirschsprung's disease or Waardenburg syndrome type 4 
(WS4) (Bondurand et al., 1999; Inoue et al., 1999; Pingault et al.，2000; Touraine 
et al., 2000). 
Hirschsprung's disease is characterized by the absence of enteric ganglia in 
the myenteric and submucosal plexuses along a variable length of the distal gut 
(Chakravarti, 2001). Genetic analysis has indicated that mutations of at least four 
genes (RET, GDNF, ET-3 and EDNRB) are associated with Hirschsprung's 
disease (Chakravarti, 1996). Spontaneous and targeted mutations of these genes 
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affect colonization of the gastrointestinal tract in different aspects 
(Greenstein-Baynash et a l , 1994; Hosoda et a l , 1994; Moore et al.，1996; Pichel 
et al, 1996; Schuchardt et al., 1994; Yanagisawa et al.，1998). Mutations of ET-3 
and EDNRB upset the colonization in the large intestine, resulting in 
aganglionosis of the terminal colon (Kapur et al., 1992; Kapur et al., 1995). 
Moreover, mutations of RET and GDNF affect colonization of neural crest cells 
in both small and large intestine (Durbec et al., 1996). Therefore, similarities of 
the phenotypic features among these mutations emphasize the multigenic nature 
of Hirschsprung's disease. In fact, the roles of the genes in Hirschsprung's 
disease mentioned above are mostly investigated in mouse models, reflecting 
that the availability of mouse models has greatly facilitated the analysis of the 
pathogenesis of Hirschsprung's disease. 
In particular, the Dominant megacolon {Dom) mutation is a spontaneous 
genetic alternation in mice that causes enteric aganglionosis and spotted 
pigmentation (Kapur et al., 1996). According to the studies of Lane and Liu 
(1984), Dom mutation happened spontaneously in a C57BL/6J X C3HeB/FeJ 
hybrid background (Kapur et al., 1996; Lane and Liu，1984). Homozygous 
Dom/Dom mice die prenatally at around El3.0 and phenotypes of heterozygous 
Doin/+ mice are characterized by the lack of pigmentation including the white 
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Sport belly, feet and tail tip, together with aganglionosis in a variable length of 
gut (Puliti et a l , 1996). Afterwards, the Dom locus was mapped on chromosome 
15 in mice (Pingault et al.，1997; Puliti et al., 1995). Furthermore, it was found 
that such defect occurred in the Dom mouse was caused by haploinsufficiency of 
SoxlO, which is an autosomal dominant gene encoding the Sry-related 
transcription factor (Herbarth et al., 1998, Southard-Smith et al., 1998). A 
frameshift mutation in the SoxlO encoding region inactivates the gene which 
results in a truncated protein (Herbarth et al., 1998). 
SoxlO itself is an essential transcriptional regulator for development of 
neural crest cells in mouse embryos (Herbarth et al., 1998; Pusch et al., 1998). 
Under normal circumstances, SoxlO expression starts when NCC detach from 
the neural tube and undergo cell migration. Expression is maintained while NCC 
are migrating, until they have reached the target organs, showing that SoxlO is 
essential for the survival and the fate decision process of NCC (Paratore et al., 
2001). After differentiation, the expression of SoxlO is lost but maintained in 
only glial cells and melanocytes (Brizzolara et al.，2004). Inactivation of SoxlO 
would probably affect the normal migration of neural crest cells before they give 
rise to different derivatives such as neurons, glial cells and melanocytes 
(Herbarth et al., 1998; Kuhlbrodt et al., 1998; Southard-Smith et al., 1998). This 
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is shown by the fact that most neural crest derivatives are absent in homozygous 
Dom/Dom mice (Britsch et al.，2001; Herbarth et al., 1998; Kapur, 1999; 
Southard-Smith et al., 1998). Although it has been shown that NCC of 
heterozygous Dom/+ mice are able to colonize the proximal bowel without 
affecting their survival, they fail to maintain their progenitor state and acquire 
pre-neuronal traits instead, resulting in a reduction of NCC number (Paratore et 
al., 2002). In addition, the expression intensity of SoxlO varies among 
heterozygous mice. For instance, some of them might have distal intestinal 
dysganglionosis and cutaneous piebaldism, while in some other heterozygous 
Dom mice, enteric neurons and glial cells are found throughout the entire gut, but 
in a much lower cell density at the distal large bowel (Kapur et al., 1996). 
Occasionally, the entire large intestine of Dom/+ mice would become 
aganglionic (Kapur, 1999). 
In humans, SoxlO is expressed in the enteric nervous system both during 
embryonic development and after birth (Bondurand et al., 1998). Mutations of 
SoxlO have been identified in human patients in various congenital disorder 
including Waardenburg-Shah syndrome and Hirschprung's disease (Pingault et 
al.’ 2000, 2002). SoxlO is expressed in both enteric neurons and glial cells in the 
gastrointestinal tract in both normal infants and Hirschsprung's disease patients. 
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The presence of Sox 10 mRNA in enteric ganglia plexuses and nerves indicates 
Sox 10 is involved in the normal development of the enteric nervous system. 
Nevertheless, Sox 10 expression is comparatively lower in the aganglionic bowel 
of Hirschsprung's disease patients (Sham et al.，2001). Considering the analogies 
between the phenotypes of Dom mouse and Hirschsprung's disease patients 
carrying Sox 10 mutations (Fig. 3.1a-c), Dom mouse has become a valuable 
mouse model on studying the etiology of Hirschsprung's disease. 
In this chapter, the early migration of sacral neural crest cells was studied 
among different genotypes (+/+, Dom/+ and Dom/Dom) of the Dom mouse. As 
mentioned earlier, Sox 10 is expressed immediately when NCC starts to migrate 
from the neural tube. Therefore, it is postulated that variable penetrance of Sox 10 
expression in different genotypes of the Dom mouse would affect different 
aspects of the normal migration of sacral NCC such as the number of migrating 
cells and the migration pathways. 
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3.2 Materials and Methods 
3.2.1 Animals 
The spontaneous SoxlO mouse mutant Dominant megacolon (Dom)’ which is 
characterized by enteric aganglionosis and failure in pigmentation similar to those 
phenotypes observed in Hirschsprung's disease patients (Fig. 3.1), has been described 
previously (Kapur, 1999; Herbarth et al., 1998). Dom mice utilized in this study were 
purchased from The Jackson Laboratory, USA, and mated in the Laboratory Animal 
Services Center (LASEC) of The Chinese University of Hong Kong. Similar to the 
ICR mice, Dom mice were reared and mated in the LASEC of The Chinese University 
of Hong Kong (Please refer to section 2.2.1 of Chapter two). 
3.2.2 In vitro culture of Dom mouse embryos 
Dom mouse embryos at E9.5 were isolated and dissected following the 
procedures described in section 2.2.2 in chapter two. WGA-Au solution was directly 
microinjected into the lumen of the neural tube following the methods described in 
section 2.2.5 of chapter two, and the labelled embryos were then cultured in a whole 
embryo culture system for various periods of time using the culture system described 
in section 2.2.8 of Chapter two. 
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3.2.3 Genotyping by polymerase chain reaction (PCR) 
For genotyping adult Dom mice, about 0.5 cm of the tail was cut，while for the 
Dom mouse embryos genotyping, tissues including the visceral yolk sac membrane, 
head and tail were utilized. PCR homogenizing buffer was prepared by mixing IM of 
KCl，(25 nl), IM of Tris-HCl (5 |iil), lOmg/ml of gelatin (0.5 ^il), 0.45% ofNodinet 
P-40 (0.225 111), Tween 20 (0.225jLil), 20mg/ml of Proteinase K (2.5^1) (BDH) and 
eventually topped up to 50|nl by autoclaved water (16.55 ^il). 30 and 100 [i\ of 
homogenizing buffer were required to digest the embryonic tissues and tail tissues 
from adult mice respectively. Subsequently, the tissues were homogenized in the 
buffer for not less than eight hours at 56°C. Next, homogenizing buffer together with 
the digested tissues were heated for 30 minutes at 99°C to inactivate the proteinase K. 
After quickly chilled on ice, the buffer was spun down in a microcentrifuge 
(Eppendorf) for a few seconds. About 2-4 supernatant was then added to the PCR 
reaction mixture. The DNA of the tissues was amplified by PCR using Taq 
polymerase (Gibco). The D15MIT71 primers were utilized to amplify the 
polymorphic microsatellite sequence, which is a linkage marker for the Dom allele 
(Kapur et al., 1996). The sequences of the primers were synthesized as following: 
forward primers: 5，- TAA TGA CAG TGC CAA ATC TTG G - 3 ' ; reverse primer: 
- CCC AAC TCA TAT GTA TTA TCC TGC - 3 ' . The total 48 i^l PCR reaction 
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mixture was consisted of 5 i^l of lOX PGR buffer, 1.5 i^l of 50 mM UgCh, 1 of 
lOmM dNTPs , 0.5 of 1.25u / 50^1 Taq polymerase, 1 |LI1 of each primer and finally 
topped up to 48 using MiliQ water. The PCR reaction was performed with the 
following setting: 95°C for five minutes for initial denaturation, 27 amplification 
cycles at 95�C each for one minute (denaturation), 59°C for one minute (annealing), 
72°C for one minutes (extension) and finally five minutes for final extension. The 
PCR products were separated by 2% agarose gel electrophoresis with ethidium 
bromide staining. While tissues from wild type and homozygous Dom mouse embryos 
showed one band at 132 and 118 bases respectively, those from the heterozygous 
embryos revealed both bands on the agarose gel. 
3.2.4 Treatment of the harvested Dom mouse embryos 
After culture, embryos were harvested and the somite number was recorded. 
The yolk sac membrane was removed and the embryo segment caudal to the 
somite was fixed and undergone sectioning, followed by silver enhancement staining 
(For the process of embryo examination, histological preparation and method of silver 
staining, refer to section 2.2.9, 2.2.10 and 2.2.11 of chapter two respectively). 
147 
Chapter Three The early migratory pathways of Dom mouse sacral neural crest cells 
Material and Methods 
3.2.5 Reconstruction of images and cell counting 
Embryos of different geneotypes were cultured for various time periods, and 
images of the serial sections of the caudal segments of the cultured embryos were 
captured and reconstructed into 3-dimensional mouse embryo configurations (For 
reconstruction of images, refer to section 2.2.13 of chapter two). Labelled cells 
located outside the neural tube were counted. For each genotype of Dom mouse 
embryos (homozygous, heterozygous and wild-type) at the 26^(n=5), 28^(n=5), 30^ 
(n=5), 32nd (n=5) ^ d 34^ (n=5) somite stage, the number of labelled cells were 
recorded in a manner similar to that carried out in ICR mouse embryos (For cell 
counting, refer to section 2.2.15 of Chapter two). The numbers of migrating sacral 
NCC per section through different somite axial levels of embryos of different 
genotypes at different developmental stages were compared and analyzed by either 
the Mann-Whitney test or Kruskal-Wallis test using the software SPSS or Excel. The 
differences were significant when p<0.05. 
3.2.6. Percentage of migrating sacral neural crest cells reduction 
in Dom mouse embryo 
Percentage of migrating sacral neural crest cells reduction in Dom/+ and 
Dom/Dom mouse embryo was calculated by substracting the average migrating cell 
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number of either DomA or Dom/Dom embryos, from the average migrating cell 
number of +/+ embryo at particular somite axial level and somite stage. The 
difference was then divided by the average migrating cell number of +/+ embryo. For 
example, if the average migrating cell number of a Dom/Dom and +/+ embryo were 
32 and 80 respectively at 27-somite axial level and somtie stage. The percentage 
of cell reduction would then be calculated as followed: 
=average migrating cell number of (+/+ embryo - Dom/Dom embryo) 
= (80-32)/80 *100% 
= 6 0 % 
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3.3. Results 
3.3.1 Migration of sacral neural crest cells in Dom mouse 
embryos at different developmental stages 
Aganglionosis of the intestinal tract in Dom mouse embryos results from a 
genetic mutation of SoxlO, which encodes a transcription factor expressed in both 
vagal and sacral neural crest cells (Brizzolara et al., 2004; Kapur, 1999; Paratore et al.， 
2002). Nevertheless, how the mutation of SoxlO affects the colonization by neural 
crest cells is still largely unknown. The colonization of the hindgut by neural crest 
cells is highly complicated which involves the migration, survival, proliferation and 
differentiation of the neural crest cells. In this chapter, WGA-Au was used as the 
exogenous cell marker to label the pre-migratory sacral NCC, so as to study the early 
migration of sacral NCC in Dom mouse embryos of different genotypes after NCC 
have just left the neural tube. 
3.3.1.1 Distribution of sacral neural crest cells of Dom mouse 
embryos at the 26^ somite stage 
WGA-Au was micro-injected into the lumen of the neural tube of Dom mouse 
embryos of different genotypes (+/+, Dom/+ and Dom/Dom) at the 22"'^  somite stage, 
and the labelled embryos were subsequently cultured for 8 hours in the whole embryo 
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culture system. The embryos were sectioned and stained. At the 26^ somite stage, a 
few labelled sacral NCC of +/+ and Dom/+ mouse embryos had already detached 
from the neural crest and entered the mesenchymal region dorsal to the neural tube at 
the 24-somite axial level (Fig. 3.2.1a and Fig. 3.2.2a). In the Dom/Dom mouse 
embryo, however, no labelled sacral NCC were found detaching from the neural crest 
at the 24-somite level (Fig. 3.2.3a). It appears that the onset of migration of NCC 
from the neural tube at this axial level (24-somite level) was slightly retarded. At the 
levels caudal to the 24-somite axial levels (i.e. at the 25- and 26-somite levels), no 
labelled cells were observed coming out from the neural tube in all the three 
genotypes examined (i.e. +/+, Dom/+ and Dom/Dom) (Fig. 3.2.1-3b and Fig. 
3.2. l-3c). In the 3-dimensional reconstruction, it was found that a few sacral NCC had 
started to migrate in the Dom/+ and +/+ mouse embryos, and the number of migratory 
cells in the mesenchyme of the +/+ mouse embryo was slightly more than that of the 
Dom/+ mouse embryo (Fig. 3.3.a-c). 
3.3,1.2 Distribution of sacral neural crest cells in Dom mouse 
embryos at the somite stage 
WGA-Au was micro-injected into the lumen of the neural tube of Dom mouse 
embryos of different genotypes (+/+, Dom/+ and Dom/Dom) at the somite stage, 
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and the labelled embryos were subsequently cultured for 12 hours in the whole 
embryo culture system. The embryos were sectioned and stained. At this 
developmental stage, sacral NCC had started their migration in the wild type embryo 
(+/+) at all the somite axial levels examined (from the 24- to 28-somite levels) (Fig. 
3.4.1 a-e) and at the 24- to 27-somite levels of the +/+ embryo, sacral NCC migrated 
further in the mesenchyme and the most ventrally migrated cells had already traversed 
for about one third of the distance between the dorsal and ventral edges of the neural 
tube (arrows in Fig. 3.4.1a-d). In the heterozygous embryo (Z)om/+), at the 24- to 
27-somite levels, labelled cells had similarly migrated for about one third of the 
distance between the dorsal and ventral edges of the neural tube (Fig. 3.4.2a-d), but 
however, at the 28-somite level, no labelled cells were found in the mesenchyme, 
indicating sacral neural crest cells at this axial level of the Dom/+ embryo had not yet 
started migration (Fig. 3.4.2e). The migration patterns of sacral NCC at this 
developmental stage in Dom/+ and Dom/Dom mouse embryos were very similar at all 
the somite axial levels examined (i.e. at the 24- to 28-somite axial levels) (arrows, Fig. 
3.4.3a-e) and therefore at the 28-somite axial level, sacral NCC migration in the 
Dom/Dom embryo had not started yet (Fig. 3.4.3e). Thus, it appears at this 
developmental stage, the migration of sacral NCC in all the three genotypes examined 
is grossly similar except that at the 28-somite axial level, NCC in the +/+ embryo had 
152 
Chapter Three The early migratory pathways of Dom mouse sacral neural crest cells 
— Material and Methods 
already started migration while Dom/+ and Dom/Dom embryos had not yet shown any 
sign of NCC migration from the neural tube at the same level. 
3.3.L3 Distribution of sacral neural crest cells in Dom mouse 
embryos at the somite stage 
WGA-Au was micro-injected into the lumen of the neural tube of Dom mouse 
embryos of different genotypes (+/+, Dom/+ and Dom/Dom) at the 22°d somite stage, 
and the labelled embryos were subsequently cultured for 16 hours in the whole 
embryo culture system. The embryos were sectioned and stained. Akin to the 
migration pattern at earlier developmental stages examined before, the onset of the 
sacral NCC in all three genotypes of the Dom mouse embryos followed a rostrocaudal 
manner. In other words, sacral NCC at higher somite axial levels started migration 
earlier than those at lower somite axial levels, resulting in a slightly longer ventral 
migration distance of sacral NCC at rostral levels. At the 24- to 26-somite axial levels, 
the most ventrally migrating sacral NCC in all genotypes had migrated at least a 
distance approximately half to two-thirds of the dorso-ventral width of the neural tube 
(Fig. 3.5.1a-c, Fig. 3.5.2a-c and Fig. 3.5.3a-c). At the 27- to 29-axial somite levels 
(Fig. 3.5.1d-f, Fig. 3.5.2d-f, Fig. 3.5.3d-f), the migration distance of most NCC in all 
three genotypes decreased to about one-third of the distance between the dorsal and 
153 
Chapter Three The early migratory pathways of Dom mouse sacral neural crest cells 
_- Results 
ventral edges of the neural tube, and only a few of the pioneer cells migrated to 
mesenchymal regions near the ventral half of the neural tube (Fig. 3.5. Id and Fig. 
3.5.2e). At the 30-somite axial level, no sacral NCC were found detached from the 
neural crest and no sacral NCC had started cell migration yet in all genotypes of Dom 
mouse embryos (Fig. 3.5.Ig, Fig. 3.5.2g and Fig. 3.5.3g). The three dimensional 
reconstruction of the computer images of serial sections demonstrated that the longest 
ventral migration distance was very close among all the three genotypes of Dom 
mouse embryos at this somite stage, but the numbers of migrating sacral NCC were 
comparatively lower in Doml+ and Dom/Dom mouse embryos (Fig. 3.6a-c). 
33,1.4 Distribution of sacral neural crest cells of Dom mouse 
embryos at the somite stage 
WGA-Au was micro-injected into the lumen of the neural tube of Dom mouse 
embryos of different genotypes (+/+, Dom/+ and Dom/Dom) at the somite stage, 
and the labelled embryos were subsequently cultured for 20 hours in the whole 
embryo culture system. The embryos were sectioned and stained. Sacral NCC at 32"'^  
somite stage continued to migrate from the neural crest and traversed in the 
mesenchyme along a dorsomedial pathway. The number of labelled cells was 
increased compared with those found at earlier developmental stages (for numerical 
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data, see section 3.3.2 below). In addition, the migration patterns of sacral NCC in all 
three genotypes were similar to each other. The ventral migration distance at the 24-
to 26-somite levels was found to be similar in all three genotypes of Dom mouse 
embryos, with the most ventrally located labelled cells found in a distance around 
one-half to two-thirds of the dorso-ventral width of the neural tube at the 24- to 
26-somite axial levels (Fig. 3.7.1a-c, Fig. 3.7.2a-c and Fig. 3.7.3a-c). In other words， 
the longest ventral migration distance at this somite axial level had not increased in 
embryos at this somite stage as compared with the longest migration distances 
observed at the earlier stages. Compare with to 24- to 26-somite axial level, migration 
distance of most sacral NCC at the 27- to 28-somite stages was shortened to about 
half or one third of the distance between the dorsal and ventral edges of the neural 
tube (Fig. 3.7.1d-e, Fig. 3.7.2d-e and Fig. 3.7.3d-e), along with a few pioneer cells 
traversed about half of the distance between the dorsal and ventral edges of the neural 
tube (Fig. 3.7. Id, Fig. 3.7.2-3e). Meanwhile, none of the migrating sacral NCC at the 
29-somite axial level traversed further than one third of the ventral edge of the neural 
tube in all genotypes oiDom mouse embryo (Fig. 3.7.1-3f). Moreover, sacral NCC at 
the 30- to 31-somite levels of all three genotypes had just initiated cell migration and 
therefore showed a comparatively shorter migration distance (Fig. 3.7.1 g-h. Fig. 
3.7.2g-h and Fig. 3.7.3g-h), possibly due to the fact that the caudal region of mouse 
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embryo started to develop at a later developmental stage than the more rostral regions, 
resulting in a shorter migration time and a shorter migration distance. At the 
32-somite axial level, no migrating sacral NCC were found in the mesenchyme of all 
genotypes (Fig. 3.7. l i , Fig. 3.7.2i and Fig. 3.7.3i). 
5.5.7.5 Distribution of sacral neural crest cells of Dom mouse 
embryos at the 34仇 somite stage 
WGA-Au was micro-injected into the lumen of the neural tube of Dom mouse 
embryos of different genotypes (+/+, Dom/+ and Dom/Dom) at the somite stage, 
and the labelled embryos were subsequently cultured for 24 hours in the whole 
embryo culture system. The embryos were sectioned and stained. At this 
‘developmental stage, sacral NCC at the 24- to 26-somite axial levels of all three 
genotypes had migrated similarly and the most ventral labelled cells traversed about 
one-third to two-thirds of the distance between the dorsal and ventral edges of the 
neural tube (Fig. 3.8.1a-c, Fig. 3.8.2a-c and Fig. 3.8.3a-c). Caudal to the 26-somite 
axial level, sacral NCC migrated further ventrally at the 27- to 29-somite axial levels 
(Fig. 3.8.1d-f, Fig. 3.8.2d-f, Fig. 3.8.3d-f). At the 27-somite level, some pioneer cells 
(the most ventrally located sacral NCC) in all genotypes of the Dom mouse embryo 
had already reached or even passed beyond the ventral edge of the neural tube and 
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located adjacent to the dorsal aorta (Fig. 3.8.1-3d). In addition, some of the sacral 
NCC in the Dom mouse embryos traversed more than half or even more than the 
entire dorso-ventral width of the neural tube at the 28- and 29-somite axial levels (Fig. 
3.8.1e-f，Fig. 3.8.2e-f, Fig. 3.8.3e-f), in which a few of the pioneer cells have already 
migrated to the region adjacent to the dorsal aorta (Fig. 3.8.1e-f), indicated by the left 
black arrows). From the 30 to 32-somite axial levels, migration patterns of sacral 
NCC among all three genotypes were also similar, in which the migration distance 
gradually decreased in more caudal region of the embryo (Fig. 3.8.1g-i，Fig. 3.8.2g-i 
and Fig. 3.8.3g-i), especially the labelled cells at the 32-somite axial level which had 
just initiated cell migration and entered the mesenchymal region between the neural 
tube and somite (Fig. 3.8.1-3i). At the 33 and 34-somite axial levels, no sacral NCC 
migration was found at both the 33- and 34-somite axial levels of the Dom mouse 
embryos. The 3-D reconstruction of Dom mouse embryos at this developmental stage 
demonstrated that sacral NCC migrated furthest towards the ventral side (dorsal aorta 
and hindgut) of the mouse embryo (Fig. 3.9a-c)，and it appeared that migration 
patterns among all three genotypes were similar, but a comparatively higher numbers 
of migrating cells in +/+ embryos but lowest in Dom/Dom mouse embryo. Moreover, 
a series of schematic drawings are shown to compare and contrast the differences of 
migration pattern among different genotypes of Dom mouse embryos at different 
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somite axial levels (Fig. 3.10a-k). At all the axial levels examined, the migration 
patterns of sacral NCC in different genoytypes of Dom mouse embryo were highly 
similar. Sacral NCC detached from the neural crest and continuously migrated 
ventrally along a dorsomedial pathway, and the migration distance at later 
developmental stages was usually longer than those observed at earlier somite stages. 
Furthermore, pioneer cells at the 27- to 29-somite axial levels migrated most ventrally 
(longest ventral migration distance) among all the somite axial levels examined (Fig. 
3.10d-f), and then the migration distance gradually decreased caudal to 29-somite 
axial level (Fig. 3.10g-i), and sacral NCC at the 33- and 34-somite axial levels were 
not observed to be able to migrate out of the neural crest (Fig. 3. lOj-k). 
3.3.2 Numbers of migrating sacral NCC of different genotypes of 
Dom mouse embryos at different developmental stage 
Among all the developmental stages examined (i.e. 26出 to 34出 somite stages), 
the number of migrating sacral NCC in the mesenchyme per section was highest in 
+/+ mouse embryo at all of the somite axial levels examined, while migrating sacral 
NCC in the Dom/+ mouse embryo were fewer, and the Dom/Dom mouse embryo had 
the smallest number of migrating sacral NCC per section at all the somite axial levels 
examined (for bar chart, see Fig. 3.11 a-e and for line diagram, see Fig. 3.12a-e). 
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When the numbers of the migrating NCC at different axial levels of embryos of 
different genotypes were compared, it was found that the average number of 
migrating sacral NCC was higher at rostral somite axial levels (e.g. at the 24- and 
25-somite axial levels) when the embryos were examined at the 26^ and 28^ somite 
stage (Fig. 3.11a-b and Fig. 3.12a-b). At the 30也 to 34^ somite stages (Fig. 3.11 c-e 
and Fig. 3.12c-e), however, the average number of migrating sacral NCC peaked at 
around the 26- to 29-somite axial levels and then gradually decreased in a 
rostrocaudal manner at axial levels caudal to somite 29. In addition, the average 
number of labelled sacral NCC per section through each somite was increased with 
more advanced developmental stages. In other words, the average numbers of 
migrating labelled cells at a particular somite axial level were usually higher in older 
embryos (Fig. 3.13.a-k). Moreover, among all the somite axial levels examined (i.e. 
24- to 32-somite axial levels), the number of migrating sacral NCC in the 
mesenchyme per section was highest in +/+ mouse embryo at all somite stages 
examined, while migrating sacral NCC in the Dom/+ mouse embryo were fewer, and 
the Dom/Dom mouse embryo had the smallest number of migrating sacral NCC per 
section (Fig. 3.13a-k). 
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3.4. Discussion 
Development of the enteric nervous system (ENS) is highly complicated. After 
detached from the neural crest, neural crest cells originating from the vagal and sacral 
regions of the neural tube undergo a series of crucial processes including cell 
migration, survival, proliferation and differentiation before they become part of the 
ENS. A number of signaling pathways and transcription factors are involved in these 
processes, while SoxlO is one of the crucial transcription factors in the ENS 
development. Analogy between the phenoptypes observed in the Dom mouse and the 
Hirschsprung's disease (HSCR) patients has brought to the thought of scientists that 
mutation of SoxlO results in different types of neurocristopathies including the 
Hirschsprung's disease (Brizzolara et al., 2004; Kapur, 1999; Parratore et al., 2002). 
In fact，SoxlO mutation results in aganglionosis in the distal colon of the Dom mouse. 
Nevertheless, the underlying cellular and molecular mechanisms are still unknown 
(Kapur, 1999). One of the postulations is that the down-regulation of SoxlO might 
upset the normal migration of the vagal NCC in the Dom embryos somewhere along 
the long process of migration of the vagal NCC from the neural tube to the terminal 
end of the hindgut. Another hypothesis is that the normal early migration of the sacral 
NCC has been disrupted before their entry to the distal hindgut due to SoxlO mutation, 
by reducing the number of migrating sacral NCC from the neural crest to the distal 
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hindgut. In fact, the number of migrating crest cells gradually decreases during their 
migration along the hindgut after differentiated into enteric neurons or glial cells. 
Hence, this situation would result in a very few or even none of the sacral NCC 
capable of arriving at the terminal end of the distal hindgut to give rise to the ENS 
cells after SoxlO mutation, resulting the aganglionosis of the distal hindgut. In this 
study，a combination of WGA-Au labelling, whole embryo culture system with the 
3-D reconstruction technique were employed to study the pre-enteric migration of 
sacral NCC in different genotypes (+/+，Dom/+ and Dom/Dom) of the Dom mouse 
embryos along different somite axial levels and at different developmental stages. 
According to the results, sacral NCC in different genotypes of Dom mouse embryos 
migrated along the same pathway at similar rate of migration, and the number of 
migrating sacral NCC was directly proportional to the expressivity of SoxlO. 
3.4.1 The use of Dom mouse model to study the etiology of 
Hirschsprung's disease (HSCR) 
At present, the Dominant Megacolon (Dom) mouse model is the most suitable 
murine model to study the cellular and molecular mechanism of Hirschsprung's 
disease. It is characterized by the absence of enteric ganglionic cells, and white 
spotting appears in the mice. Dom mutation itself arose spontaneously from the mouse 
161 
Chapter Three The early migratory pathways of Dom mouse sacral neural crest cells 
Discussion 
colony in Jackson Laboratories (Lane and Liu., 1984), and it is found that Sox 10 is the 
candidate disease gene that is responsible for the absence of NCC derivatives 
including ENS cells and melanocytes in the Dom mouse (Southard-Smith et al., 1998). 
Unlike mutations of Ret, GDNF and EDNRB, which are recessive and completely 
penetrant in mice (Kapur et al., 1996; Lane, 1966; Paratore et al., 2002; Schuchardt et 
al., 1994), Dom mutation is autosomoal dominant with variable degree of penetrance. 
In fact, the variable penetrance and expressivity of the hypopigmentation and 
megacolon phenotypes that Dom mice revealed are most similar to those observed in 
individuals with HSCR, which makes the Dom mouse model become more suitable to 
study this congenital disease compared with other mutant mouse models of the 
Hirschsprung's disease. 
Another reason to use Dom mice is that, although Ret, GDNF and EDNRB 
mutations are also reported in Hirschsprung's disease patients, these genes are usually 
expressed after the sacral NCC have already begun their early migration from the 
neural crest. Hence, abnormalities of sacral NCC migration occurred prior to the 
expression of Ret, GDNF and EDNRB cannot be traced if mutant mice of these genes 
are employed to study Hirschsprung's disease. For instance, colonization of the entire 
gut is mostly retarded at E l 1.0 in Dom mice (Kapur et al., 1996)，while expression of 
EDNRB starts at E12.5 (Kapur et al., 1995; Natarajan et al., 2002; Shin et al.，1999; 
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Young et al.，2001). In contrast, SoxlO is an upstream transcription factor in regulating 
the ENS development. Expression of SoxlO initiates before the NCC emigrated from 
the neural tube, and expression is maintained while NCC are migrating along the 
mesenchymal region before and after their entry to the gut. Unless the NCC 
themselves are destined to differentiate into enteric neurons, expression of SoxlO 
remains even after the NCC have differentiated into either glial cells or melanocytes 
(Herbarth et al., 1998; Kim et al.，2003; Kuhlbrodt et al., 1998). Therefore, this 
implies that many activities of NCC such as migration or proliferation are highly 
related to SoxlO expression. Apart from this, the down-regulated expression of 
EDNRB in the Dom mouse might not merely due to the silencing of EDNRB gene. In 
fact, the existence of the binding site for SoxlO on EDNRB suggests that SoxlO itself 
is also involved in regulating EDNRB expression. Considering one of the functions of 
EDNRB is to further enhance the Ret signaling effect on NCC proliferation (Barlow 
et al., 2003; Kruger et al., 2003, Zhu et al.，2004), SoxlO is therefore also involved in 
both the endothelin and Ret signaling pathways, and indirectly mediates the 
proliferation of NCC. 
As mentioned previously, SoxlO was an upstream molecule regulating the entire 
ENS development, while other involving genes such as Ret，EDNRB and GDNF are 
yet to express before the initiation of cell migration of NCC from the neural crest. 
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Therefore, silencing of Ret, EDNRB and GDNF is comparatively less severe than 
silencing oi SoxlO. For instance, functional impairment of Ret and GDNF sometimes 
might only result in constipation (Edery et al., 1994; Romeo et al., 1994) and 
heterozygous mutations of Ret in mice would not result in megacolon or any signs of 
aganglionosis in the gut (Schuchardt et al.’ 1994). Silencing of EDNRB might only 
lead to the absence of ganglia in the distal large intestine (Gianino et al.，2003; 
Hosoda et al., 1994). In contrast, Dom/Dom embryos results in a total intestinal 
aganglionosis, a situation more severe than other mutant mouse models for 
Hirschsprung's disease. 
3.4.2. Migration of sacral NCC in Dom mouse embryos 
Although the majority of enteric neurons and glial cells are derived from the 
vagal NCC, there are about 17% of the ENS cells that are contributed by the sacral 
NCC (Bums, 2005; Bums and Le Douarin, 1998). In the quail-chick interspecies 
studies of Bums and Le Dorarin (1998), it was found that sacral NCC as ENS cells 
precursors congregated in the dorsal wall o f the hindgut at E3.5, and then migrated 
along the nerve fibres into the hindgut at E7.0 after resided in the nerve of Remak for 
about three days (Bums, 2005; Bums and Le Douarin，1998，Young and Newgreen, 
2001), Since sacral NCC would only migrate and give rise to the ENS in the hindgut 
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and aganglionosis of the gut segment is most prominent at the distal hindgut in Dom 
mouse embryos, it is postulated that the early migration of sacral NCC might also be 
affected by SoxlO mutations. 
According to the results, the pattern of early migration of the sacral NCC in +/+ 
embryos was similar to those observed in ICR mouse model, as Soxl 0 in both ICR 
and +/+ Dom mouse embryos were not mutated. At the 24 to 26-somite axial levels, 
the most ventrally located sacral NCC traversed about half to two-thirds of the 
distance between the dorsal and ventral edges of the neural tube. It was postulated that 
part of the sacral NCC at these somite axial levels will remain on the two sides of the 
mesenchymal region between the somite and the neural tube, in order to give rise to 
the dorsal root ganglion. 
At the 27- to 29-somite axial levels, sacral NCC migrated more ventrally and the 
most ventrally located labelled or pioneer cells at these levels had already surpassed 
the ventral edge of the neural tube and located adjacent to the dorsal aorta. One of the 
explanations to this ventral migration phenomenon is that, other than the 
self-autonomous properties of the sacral NCC themselves, the microenvironment at 
these somite axial levels may be different from those in the rostral regions, resulting a 
different migration rate of sacral NCC at different somite axial levels, as 
microenvironment might also play a crucial role during the migration of neural crest 
“ 1 6 5 
Chapter Three The early migratory pathways of Dom mouse sacral neural crest cells 
Discussion 
cells. In fact, the presence of GDNF in the gastrointestinal tract promotes the survival, 
proliferation and migration of neural crest cells migration (Gianino et al., 2003; 
Heuckeroth et a l , 1998; Matti et al., 1999; Wu et a l , 1999; Young et al., 2001). 
GDNF expression in the mouse embryo is regulated in a spatial and temporal manner 
and the expression intensity depends on the location of migratory front of NCCs 
(Natarajan et al.，2002). Therefore it is postulated that intensity of GDNF expression 
might be comparatively higher in region between 27 to 29-somite axial levels, which 
enhanced the rate of sacral NCC migration. 
Furthermore, for regions caudal to the 29-somite axial level, migration distance 
of sacral NCC was gradually shortened and there were no signs of sacral NCC 
migration caudal to the 33-somite axial levels, which is consistent with the sacral 
NCC migration observed in ICR mouse embryos. The shortening of migration 
distance in more caudal regions may be due to the fact that the overall development of 
the mouse embryo also follows a rostrocaudal sequence. Therefore, NCC resided at 
rostral somite axial levels would initiate cell migration first，resulting in a 
.» 
comparatively longer time for migration and a longer migration distance than those 
originated at more caudal somite axial levels. 
For the early migration of the sacral NCC migration in Dom/Dom and Dom/+ 
mouse embryos, it was found that the migration pathway was comparable to those 
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found in the +/+ mouse embryo, and the majority of the sacral NCC in all genotypes 
of the Dom mouse model migrated along a dorsomedial pathway towards the hindgut. 
Akin to the migration pathways observed in ICR mouse embryos, sacral NCC of Dom 
mouse embryo did not migrate along the dorsomedial pathway. Therefore, it was 
postulated that sacral NCC that gave rise to pigment cells initiated at developmental 
stage after El0.5 . Moreover, the longest migration distance of sacral NCC traversed in 
the Dom/Dom and Dom/+ mouse embryos was also comparable to those observed in 
the +/+ mouse embryo. Analogy of the migration pattern among the three genotypes 
of Dom mouse embryos can be explained by the fact that in Dom mouse embryos, the 
expression of SoxlO is still apparent at E9.5 (Southard-Smith et al., 1998). Until E10.5, 
SoxlO expression was drastically reduced and at E l l . 5 , SoxlO expression was no 
longer detectable in Dom/Dom mouse embryos (Southard-Smith et al., 1998). Since 
the Dom mouse embryos were mostly dissected and cultured at around the somite 
stage, which was equivalent to E9.5, and therefore the expression of SoxlO still 
persisted at this developmental stage. Hence, the early migration of sacral NCC in 
Dom/+ and Dom/Dom mouse embryos might not be seriously affected. In fact, some 
of the NCC derived embryonic structures such as the dorsal root ganglia, also exist in 
both Dom/+ and Dom/Dom mouse embryos, which indicates not all the NCC are 
affected by SoxlO mutations (Britsch et al., 2001; Herbarth et a l , 1998; 
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Southard-Smith et al., 1998). 
Nevertheless, although the migration pattern of sacral NCC in Dom/+ and 
Dom/Dom mouse embryos were not seriously affected, it was found that the number 
of sacral NCC migrated from the neural crest was significantly reduced at almost all 
the somite axial levels and at all different developmental stages examined. In fact, it 
had been reported that the reduced number of migrating crest cells was a result of the 
increased number of apoptotic cells along the migration pathway from the neural tube 
to the hindgut in the DomlDom mouse embryos (Kapur, 1999; Paratore et al., 2001; 
Southard-Smith et al.，1998). Furthermore, SoxlO serves as an upstream molecule in 
regulating the ENS development. It involves the Ret signaling pathway by interacting 
with EDNRB to enhance NCC proliferation. Therefore, mutation of SoxlO might 
upset the normal cell division of sacral NCC, resulting a reduced number of migrating 
cells to the hindgut. 
In conclusion, migration patterns and the migratory rate of sacral NCC among 
different genotypes of the Dom mouse were similar to each other while the number of 
migrating sacral NCC was significantly reduced in Dom/+ and Dom/Dom mouse 
embryos with decreased expressivity of SoxlO. 
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Fig. 3.1. 
Megacolon of a Dom mouse and a patient with Hirschsprung's disease 
(a) Ventral view of a Dom/+ mouse showing the pigmentation defect including 
the white belly and paws (black arrows), (b) Dom/+ mouse shown in (a) with 
opened abdomen showing the enlarged large intestine (megacolon) (black arrows, 
which is highly similar to the megacolon of patients suffering from 
Hirschsprung's disease shown in (c). (c) The enlarged large intestine (megacolon) 
of a Hirschsprung's disease patient. The large intestine is seriously enlarged 
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Fig. 3.2.1-3.a-c 
Distribution of sacral NCC (WGA-Au labelled cells) in Dom mouse embryos at 
the 26^ somite stage. The caudal embryonic segment is sectioned through 
successive somites commencing from somite 24 to somite 26 (expressed as the 
axial level by referring to individual somites). At this developmental stage, 
WGA-Au labelled cells (arrow, cells laden with black particles) of both +/+ ( la ) 
and Dom/+ (2a) mouse embryos at the 24-somite axial level have already started 
detaching from the neural crest after undergoing an epithelial-to-mesenchymal 
transition (EMT), and subsequently entered the mesenchymal region between 
neural tube and somite. In the Dom/Dom mouse embryo, all of WGA-Au 
labelled cells still reside inside the neural tube at the 24-somite axial level (3a), 
and no labelled cells have migrated from the neural crest into the pelvic 
mesenchyme at this axial level. At the other two somite axial levels examined 
(i.e. 25 to 26-somite axial levels) ( l -3b and l-3c), labelled sacral NCC have not 
yet initiated cell migration and no labelled cells are found coming out from the 
neural crest in embryos of all the three genotypes studied (i.e. +/+, Dom/+ and 
Dom/Dom). da: dorsal aorta; hg: hindgut; nt: neural tube; s: somite; d: dorsal side 
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Fig. 3.3. a-c 
Images of the embryonic caudal segments reconstructed from the images of the 
serial sections of WGA-Au labelled Dom mouse embryos at the 26^ somite stage. 
Images of serial sections are stacked to reconstruct the 3-dimensional caudal 
segment extending from somites 24 to 26. The embryo has been labelled with 
WGA-Au at the 24^ somite stage and cultured to the 26^ somite stage. In Dom/+ 
and +/+ mouse embryos, sacral NCC have already initiated cell migration at the 
24-somite axial level but not at 25 and 26-somite axial levels, while in the 
Dom/Dom mouse embryo, sacral NCC have not initiated cell migration at all the 
axial levels examined (i.e. from 24 to 26-somite axial levels). Pale blue line: the 
outline of the section; red line: neural tube; purple line: dorsal aorta; yellow line: 
primitive gut; white dots: WGA-Au labelled cells. 
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Fig. 3.4.1-3.a-e 
Distribution of sacral NCC (WGA-Au labelled cells) in Dom mouse embryos at 
the 28^ somite stage. Migration patterns in all three genotypes of the Dom mouse 
embryo are similar at this somite stage. At the 24- to 27-somite axial levels, in 
the three genotypes studied (+/+, Dom/+ and Dom/Dom), the most ventral sacral 
NCC have traversed for less than or about one-third of the distance between the 
dorsal and ventral edges of the neural tube (la-d, 2a-d, 3a-d, arrows: the most 
ventrally located sacral NCC). At the 28-somite level, however, although the 
wild type (+/+) sacral NCC have already initiated cell migration, and some of the 
labelled cells have already entered into the mesenchymal region between the 
neural tube and the somite ( le) , no labelled migrating cells are found at the 
28-somite axial level of the Dom/+ (2e) and Dom/Dom mouse embryo (3e). da: 
dorsal aorta; nt: neural tube; s: somite; d: dorsal side of the embryo; v: ventral 
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Fig. 3.5.1-3.a-g 
Distribution of sacral NCC (WGA-Au labelled cells) in Dom mouse embryos at 
the 30^ somite stage. The migration patterns of sacral NCC in all three 
genotypes of the Dom/Dom mouse embryo are similar at this developmental 
stage, and sacral NCC of all three genotypes migrated in the mesenchyme along 
a dorsomedial pathway between the neural tube and the somite. The longest 
ventral migration distance of the sacral NCC is decreased in a rostrocaudal 
manner. At the 24- to 26-somite axial levels，labelled cells in all three genotypes 
of the Dom mouse embryos traverse for at least half or about two-thirds of the 
distance between the dorsal and ventral edges of the neural tube (la-c, 2a-c, 3a-c, 
arrows: the most ventrally migrated sacral NCC). At the 27- and 28-somite axial 
levels, the overall migration distance of labelled cells among all three genotypes 
of Dom mouse embryo is comparatively shorter than those observed in the 
rostral regions (i.e. 24- to 26-somite axial levels). The majority of the labelled 
cells at these levels traverse about only one-third of the distance between dorsal 
and ventral edge of the neural tube (Id-e, 2d-e, 3d-e), in which the most ventrally 
migrating or the pioneer cells traverse for about half of the distance between the 
dorsal and ventral edges of the neural tube (Id, 2e; arrows: the pioneer cells). 
Caudal to the 28-somite axial level, sacral NCC at the 29-somite axial level of all 
three genotypes have initiated cell migration and entered into the mesenchymal 
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region between the neural tube and the somite ( l -3f) , and at the 30-somite axial 
level, there are no labelled cells migrated from the neural crest in all three 
genotypes of the Dom mouse embryo (l-3g). da: dorsal aorta; nt: neural tube; s: 
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Fig. 3.6. a-c 
Images of the caudal segment reconstructed from the images of the serial 
sections of WGA-Au labelled Dom mouse embryos at the 30^ somite stage. 
Images of serial sections are stacked to reconstruct the 3-dimensional caudal 
segment extending from somites 24 to 30. The embryo has been labelled with 
WGA-Au at the 24^ somite stage and cultured to the 30伍 somite stage. The 
migration patterns are similar in all three genotypes of the Dom mouse embryo, 
but more labelled NCC are found migrated from the neural tube of the +/+ and 
Dom/+ mouse embryo at this developmental stage. Pale blue line: the outline of 
the section; red line: neural tube; purple line: dorsal aorta; yellow line: primitive 













D o m / +  
了














































































































































 • • > 
Fig. 3.7.1-3.a-i 
Distribution of sacral NCC (WGA-Au labelled cells) in Dom mouse embryos at 
the 32nd somite stage. At this somite stage, labelled cells in all three genotypes 
continue to migrate in the mesenchyme along a dorsomedial pathway. Similar to 
the migration pattern of sacral NCC at the 30^ somite stage, the longest ventral 
migration distance of the sacral NCC is gradually decreased in a rostrocaudal 
manner, and the migration patterns are very similar in the three genotypes of the 
Dom mouse embryos. At the 24- to 26-somite axial levels, most of the labelled 
cells migrate at least half or two-thirds of the distance between the dorsal and 
ventral edges of the neural tube (la-c; 2a-c; 3a-c; arrows: the most ventrally 
located labelled cell). Caudal to 26-somite axial levels, the longest migration 
distance of the sacral NCC gradually decreases in different genotypes of Dom 
mouse embryos. At 27- to 29-somite axial levels, the most ventrally located 
labelled cells are found in a distance about half of the dorso-ventral width of the 
neural tube (Id, 2-3e; arrow: the most ventrally located or pioneer cells), and 
most of the labelled cells migrate about half or only one-third of the ventral edge 
of the neural tube (Id-e, 2d-e, 3d-e). In addition, all labelled cells at 29-somite 
axial levels in all genotypes of the Doiri mouse embryos traverse only one-third 
of the ventral edge of the neural tube (l-3f) . Caudal to this somite axial level, 
the furthest migration distance is further decreased, sacral NCC at 30- and 
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31-somite axial levels have just detached from the neural crest and entered the 
mesenchymal region between the somite and the neural tube (Ig-h, 2g-h, 3g-h). 
At 32-somite axial level, sacral NCC of Dom mouse embryos have not initiated 
cell migration and still resided the lumen of the neural tube (l-3i). da: dorsal 
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Fig. 3.8.1-3.a-k 
Distribution of sacral NCC (WGA-Au labelled cells) in Dom mouse embryos at 
the 34^ somite stage. Similar to the earlier developmental stages examined 
before, sacral NCC among all genotypes continue to migrate in the mesenchyme 
along a dorsomedial pathway. The most ventral labelled cells or pioneer cells 
(arrows) in all three genotypes of the Dom mouse embryo traverse about 
one-third to two thirds of the distance between the dorsal and ventral edges of 
the neural tube at the 24- to 26-somite axial levels (la-c, 2a-c, 3a-c). Unlike the 
migration pattern observed in earlier developmental stages, sacral NCC in 
different genotypes of Dom mouse embryos migrate further ventrally at the 
somite-axial level caudal to the 26-somite axial levels. At the 27 to 29-somite 
axial levels of all three genotypes (Id-f, 2d-f, 3d-f), sacral NCC migrate further 
ventrally, with some pioneer cells (indicated by arrows in Id-f, 2d-f, 3d-f) in the 
+/+, Dom/+ and Dom/Dom mouse embryos having reached the region at the 
same ventral level as the ventral edge of the neural tube or even passed beyond it 
to regions adjacent to the dorsal aorta (Id-f). At the 30 and 31-somite axial levels 
(Ig-h, 2g-h, 3g-h), the longest ventral migration distance in all three genotypes is 
gradually decreased from two-thirds to one-third of the distance between the 
dorsal and ventral edges of the neural tube (arrows: the most ventrally located 
cells). At the 32-somite axial level, sacral NCC (arrows) in all three genotypes 
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have started migration and entered the mesenchymal region between the neural 
tube and the somite (l-3i). At the 33- and 34-somite axial levels, sacral NCC 
reside in the neural crest and have not initiated cell migration in all genotypes of 
Dom mouse embryos (Ij-k, 2j-k, 3j-k). da: dorsal aorta; nt: neural tube; s: somite, 
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Fig.3.8.1-3.(j-k) 
Dom/+ Dom/Dom 
33 somite axial level 33 somite axial level 33 somite axial level §Tii 
35 somite axial level 35 somite axial level 35 somite axia l level 
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Fig. 3.9. a-c 
Images of the caudal segment reconstructed from the images of the serial 
sections of WGA-Au labelled Dom mouse embryos at the 34^ somite stage. The 
furthest migration distances of sacral NCC in all three genotypes of the Dom 
mouse embryo are similar, in which the most ventrally migrated labelled cells 
locate adjacent to the dorsal aorta at the 27 and 28-somite axial levels. In 
addition, there are more labelled NCC migrated from the neural tube of the +/+ 
and Dom/+ mouse embryo at this developmental stage. Pale blue line: the outline 
of the section; red line: neural tube; purple line: dorsal aorta; yellow line: 
primitive gut; white dots: WGA-Au labelled cells. 
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Fig. 3.10a. i-iii 
Schematic drawing of the migration pattern of sacral NCC at the 24-somite axial 
level of embryos at different developmental stages. Sacral NCC migration 
initiates at around the 26也 somite stage in +/+ and Dom!^ mouse embryos (i-ii), 
and in the Dom/Dom mouse embryo (iii), sacral NCC migration initiates at 
around the 28^ somite stage. Furthest migration distance is around half of the 
distance between the dorsal and ventral edges of the neural tube, da: dorsal aorta; 
nt: neural tube; s: somite; hg: hindgut; d: dorsal side of the embryo; v: ventral 
side of the embryo. 
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Fig. 3.10. a 
(i)24-somite axial level (Wild-type) 
26ti somite  stage - J A f ^ ^ ^ 
28ti somite  stage -mm 
30ti to 35ti somite  stage 
( i i ) 2 4 - s o m i t e ax ia l l eve l ( H e t e r o z y g o u s ) 
26ti somite  stage 
28ti and 30ti somite  stage 
32nd and 35ti somite  stage ^ ^ A L 
( i i i ) 24 - somi te ax ia l l eve l ( H o m o z y g o u s ) 
28ti and 30ti somite  stage ； ^ ^ 
32nd and 35ti somite  stage ^ ^ H L 
Vv 
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Fig. 3.10b. i-iii 
Schematic drawing of the migration pattern of sacral NCC at the 25-somite axial 
level of embryos at different developmental stages. Sacral NCC initiates cell 
migration at around 28^ somite stage and subsequently migrated along a 
dorsomedial pathway and traversed two-thirds of the distance between the dorsal 
and ventral edges of the neural tube in all three genotypes of the Dom mouse 
embryos (i-iii). da: dorsal aorta; nt: neural tube; s: somite; hg: hindgut; d: dorsal 
side of the embryo; v: ventral side of the embryo. 
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Fig. 3.10. a 
(i)259-somite axial level (Wild-type) 
28ti somite  stage -^ J SH ^^^^ 
30ti somite  stage 
— • � 
( i i )25-somite axial level (Heterozygous) 
28ti somite  stage 
30ti somite  stage 
6 I V ( i i i )25-somite axial level (Homozygous) 
28ti somite  stage 
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Fig. 3.10c. i-iii 
Schematic drawing of the migration pattern of sacral NCC at the 26-somite axial 
level of embryos at different developmental stages. Migration patterns among 
different genotypes of Dom mouse embryos are similar at this somite axial level. 
Initiation of cell migration at this level occurs at 28^ somite stage in all 
genotypes, while the furthest migration distance is about two-thirds of the 
distance between the dorsal and ventral edges of the neural tube (i-iii). da: dorsal 
aorta; nt: neural tube; s: somite; hg: hindgut; d: dorsal side of the embryo; v: 
ventral side of the embryo. 
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Fig.3.10.c 
(i)26-somite axial level (Wild-type) 
28th somite stage 
30th somite stage - A - m ^ U 
32nd to 34th somite stage- Hip 
V (i i)26-somite axial level (Heterozygous) 
28th somite stage 
30th to 34th somite stage 
V (iii)26-soiiiite axial level (Homozygous) 
28th somite stage 
30th to 34th somite stage 
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Fig. 3.10d. i-iii 
Schematic drawing of the migration pattern of sacral NCC at the 27-somite axial 
level of embryos at different developmental stages. Initiation of cell migration 
occurs at around the 28^ somite stage in all genotypes of Dom mouse embryos. 
Moreover, migration distance of sacral NCC is furthest at this somite axial level. 
The most ventrally migrated sacral NCC have already traversed the entire 
distance between the dorsal and ventral edges of the neural tube and are located 
adjacent to the dorsal aorta at the 34^ somite stage in all three genotypes of Dom 
mouse embryos (i-iii). da: dorsal aorta; nt: neural tube; s: somite; hg: hindgut; d: 
dorsal side of the embryo; v: ventral side of the embryo. 
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Fig. 3.10. a 
(i)265-somite axial level (Wild-type) 
28th somite stage 
30th to 32nd somite stage - ^ J ^ H 
stage 
mW9 
( i i )27-somite axial level (Heterozygous) 
28th somite stage 
stage ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
V 
( i i i )27-somite axial level (Homozygous) 
28th and 30th somite stage y f l V ^ ^ ^ 




Fig. 3.10e i-iii 
Schematic drawing of the migration pattern of sacral NCC at the 28-somite axial 
level of embryos at different developmental stages. Cell migration at this somite 
axial level initiates at around the 30& somite stage in all genotypes of Dom 
mouse embryos (i-iii). The most ventrally located labelled cells in Dom mouse 
embryos traverse ventrally and almost reached the region as ventral as the ventral 
edge of the neural tube (i-iii). da: dorsal aorta; nt: neural tube; s: somite; hg: 
hindgut; d: dorsal side of the embryo; v: ventral side of the embryo. 
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Fig. 3.10. e 
(i)28-somite axial level (Wild-type) 
30ti to 32nd somite  stage ^ H V y y n 
35ti somite  stage ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
V ( i i )28-somite axial level (Heterozygous) 
30ti and 32nd somite  stage ^ ^ T V 
35ti somite  stage V 
V ( i i i )28-somite axial level (Homozygous) 
28ti and 30ti somite  stage 
32nd somite stage • • 於 
35ti somite  stage 
V 
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Fig. 3.10f i-iii 
Schematic drawing of the migration pattern of sacral NCC at the 29-somite axial 
level of embryos at different developmental stages. Migration of sacral NCC 
occurs at around the 30^ somite stage and the labelled cells subsequently 
traverse along a dorsomedial pathway in different genotypes of the Dom mouse 
embryos. At this somite axial level, the most ventrally migrating sacral NCC 
traverse more than two-thirds of the distance between dorsal and ventral edges of 
the neural tube in different genotypes of the Dom mouse embryos (i-iii). da: 
dorsal aorta; nt: neural tube; s: somite; hg: hindgut; d: dorsal side of the embryo; 
V： ventral side of the embryo. 
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Fig. 3.10. f 
( i )29-somite axial level (Wild-type) 
30th somite stage … 
32ncl somite stage- . 長 ^ ^ ^ H ^ ^ L \ 
35ti stage 
( i i )29-somite axial level (Heterozygous) 
30ti somite  stage 〕〕^^^^^^^ 
32nd somite stage 
y y i B A 
35ti somite  stage 
V ( i i i )29-somite axial level (Homozygous ) 
30ti somite  stage 
32ncl somite stage 
35ti somite  stage ^ p ^ J ^ ^ ^ ^ ^ T ^ 〕 
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Fig. 3.10g i-iii 
Schematic drawing of the migration pattern of sacral NCC at the 30-somite axial 
level of embryos at different developmental stages. The longest ventral migration 
distance at this somite stage is gradually shortened compared to those observed 
at other more rostral axial levels. Sacral NCC initiates cell migration at around 
32nd somite stage, and traverse about one half of the distance between the dorsal 
and ventral edges of the neural tube at the 34也 somite stage in all genotypes of 
Dom mouse embryos (i-iii). da: dorsal aorta; nt: neural tube; s: somite; hg: 
hindgut; d: dorsal side of the embryo; v: ventral side of the embryo. 
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Fig. 3.10. g 
(i)30-somite axial level (Wild-type) 
32nd somite stage 
34th somite stage / ^ - m ^ ^ k ^ ^ ^ ^ X 
V 
( i i ) 3 0 - s o m i t e ax ia l l eve l ( H e t e r o z y g o u s ) 
32nd somite stage 
34th somite stage Lmm 
d 
V 
( i i i ) 3 0 - s o m i t e ax ia l l eve l ( H o m o z y g o u s ) 
32nd somite stage 
34th somite stage 
— V 
V. 
Fig. 3.10h i-iii 
Schematic drawing of the migration pattern of sacral NCC at the 31-somite axial 
level of embryos at different developmental stages. The longest ventral migration 
distance of sacral NCC at this somite axial level continues to shorten, given that 
sacral NCC migration at this level started much later than those located at more 
rostral levels. Migration of sacral NCC begins at around the somite stage, 
and traverse about one half of the distance between the dorsal and ventral edges 
of the neural tube at the 34^ somite stage in all genotypes of Dom mouse 
embryos (i-iii). da: dorsal aorta; nt: neural tube; s: somite; hg: hindgut; d: dorsal 
side of the embryo; v: ventral side of the embryo. 
276 
Fig. 3.10. a 
(i)277-somite axial level (Wild-type) 
32nd somite stage 
35ti somite  stage \ 
V 
( i i ) 3 1 - s o m i t e ax ia l l eve l ( H e t e r o z y g o u s ) 
32nd somite stage 
35ti somite  stage . 广 # 
V 
( i i i ) 3 1 - s o m i t e ax ia l l eve l ( H o m o z y g o u s ) 
32nd somite stage 




Fig. 3.10i i-iii 
Schematic drawing of the migration pattern of sacral NCC at the 32-somite axial 
level of embryos at different developmental stages. Migration patterns at this 
somite axial level among different genotypes of Dom mouse embryos are exactly 
the same in a sense that sacral NCC have just initiated cell migration at the 34^ 
somite stage and traverse about one-third of the distance between the dorsal and 
ventral edges of the neural tube (i-iii). a: dorsal aorta; nt: neural tube; s: somite; 
hg: hindgut; d: dorsal side of the embryo; v: ventral side of the embryo. 
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Fig.3.10i 
(i)32-somite axial level (Wild-type) 
35ti somite  stage 
V 
( i i )32 - somi te ax ia l level ( H e t e r o z y g o u s ) 
35ti somite  stage - ^ A H H A ^ 
V 
( i i i )32 - somi te ax ia l l eve l ( H o m o z y g o u s ) 
35ti somite  stage •； Jn 
V 
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Fig. 3.10j i-iii 
Schematic drawing of the migration pattern of sacral NCC at the 33-somite axial 
level of embryos at different developmental stages. At this somite axial level, no 
labelled cells migrate from the neural crest in all genotypes of the Dom mouse 
embryo (i-iii) a: dorsal aorta; nt: neural tube; s: somite; hg: hindgut; d: dorsal 
side of the embryo; v: ventral side of the embryo. 
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Fig.3.10j 
(i)33-somite axial level (Wild-type) 
^ ^ i 
(ii)33-somite axial level (Heterozygous) 
V 
(iii)33-somite axial level (Homozygous) g 
V 

Fig. 3.10k i-iii 
Schematic drawing of the migration pattern of sacral NCC at the 34-somite axial 
level of embryos at different developmental stages. At this somite axial level, 
there is no labelled sacral NCC emigrated from the neural crest in all genotypes 
of Dom mouse embryos (i-iii). a: dorsal aorta; nt: neural tube; s: somite; hg: 
hindgut; d: dorsal side of the embryo; v: ventral side of the embryo. 
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Fig. 3.10. a 
(i)34-somite axial level (Wild-type) 
# d 
V 
(ii)34-somite axial level (Heterozygous) 
^ ^ ^ ^ I 
(iii)34-somite axial level (Homozygous) 
� J 
� 
Fig. 3.11. a-e 
Bar chart showing the average numbers of migrating labelled sacral NCC in the 
mesenchyme per section (5|xm thick) through each somite (i.e. at different somite 
axial levels) of embryos of different genotypes. At each particular somite axial 
level of embryos at different somite stages，five embryos (n=5) are randomly 
chosen for analysis and 10 sections from each embryo were chosen for cell 
counting. Among all the somite axial levels and developmental stages examined, 
the average number of migrating sacral NCC per section is often highest in the 
+/+ mouse embryo and lowest in the Dom/Dom mouse embryo. At the 26^ and 
28^ somite stages (a-b), the average number of migrating labelled cells gradually 
decreases with the more caudal somite axial levels. From the 30^ to 34^ somite 
stages (c-e), the average number of migrating labelled cells peaks at around 27 
and 28-somite axial levels, and gradually decreases at axial levels caudal to 
somite 29. The difference in the number of labelled sacral NCC among different 
genotypes of the Dom mouse embryos is significant at all the somite axial levels 
(*p<0.05 for comparison with +/+; *p<0.05 for comparison with Doml+', 
*p<0.05 for comparison with Dom/Dom, Kruskal-Wallis). The data are presented 
as mean 士 SEM. (n = 5，i.e. 5 embryos are randomly chosen for analyzing each 
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Fig. 3.12. a-e 
Line diagram showing the distribution of sacral NCC along different somite axial 
levels of embryos of different genotypes. At the 26^ and 28^ somite stages (a-b), 
the majority of sacral NCC is distributed at rostral somite axial levels such as the 
24- and 25-somite axial levels. At the 30^ somite stage (c), the number of 
labelled cells in the mesenchyme is comparatively higher at the 27-somite axial 
level and then gradually decreases at axial levels caudal to somite 28. At the 
and 34^ somite stage (d-e), the number of labelled cells peaks at the 26- to 
29-somite axial levels, and then gradually decreases at axial levels caudal to 
somite 29. In addition, migrating cell number in the +/+ mouse embryo is higher 
than those in the Dom/+ and Dom/Dom mouse embryo. *p<0.05 for comparison 
with +/+; *p<0.05 for comparison with Dom/+; *p<0.05 for comparison with 
Dom/Dom, Kruskal-Wallis. The data are presented as mean 士 SEM. (n = 5, i.e. 5 
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Eistricution  of lacelled cells  along tie longitudinal  axis in 
differerent genotypes at 32nd somite stage 
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Fig. 3.13. a-i 
Line diagram showing the average numbers of labelled NCC among different 
genotypes of Dom mouse embryos at different developmental stages. At all the 
somite stages examined (a to h)，the average number of migrating sacral NCC in 
the +/+ mouse embryo is the highest at all the somite axial levels examined, 
followed by the Dom/+ mouse embryos, while the average number of migrating 
cells was the lowest at different somite stages at all somite axial levels for 
Dom/Dom mouse embryo (a-k). Moreover, the number of migrating sacral NCC 
is increased with developmental stages in all genotypes of the Dom mouse 
embryo，indicating sacral NCC continue to detach from the neural tube and 
undergo cell migration during embryonic development. The difference in the 
number of labelled sacral NCC among different genotypes of Dom mouse 
embryos is significant when the numbers are compared at the same somite axial 
level of embryos at the same developmental stage (*p<0.05 for comparison with 
+/+; *p<0.05 for comparison with Dom/+', *p<0.05 for comparison with 
Dom/Dom, Kruskal-Wallis). The data are presented as mean 士 SEM (n = 5, i.e. 5 
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Chapter Four Genaral discussion and conclusion 
Chapter Four 
General discussion and conclusion 
Development of the enteric nervous system (ENS) initiates from the neural 
crest. Vagal neural crest cells (NCC) give rise to the majority of the enteric 
neurons and glial cells, while the sacral neural crest cells also contribute about 
20% of the ENS cells (Bums et al.，2000; Bums and Le Douarin, 1998). At 
present, the cellular mechanism of how ENS arises from neural crest cells is 
most studied in the avian, but corresponding information in either rodents or 
mammals is scarce, especially the contribution of sacral NCC to the ENS 
development. 
This project mainly focused on the early migration of sacral NCC in both 
normal and Dom mouse embryos and was studied with a combination of 
techniques including exogenous cell marker labelling, whole embryo culture and 
computer software 3-dimensional reconstruction (Neurolucida). In normal (ICR) 
mouse embryos, sacral NCC initiated cell migration by detaching from the 
lumen of the neural tube and entered the mesenchymal region between the 
somite and the two sides of the neural tube after the process of 
epithelial-to-mesenchymal transition (EMT). In addition, initiation of NCC 
migration occurred in a rostrocaudal manner as the formation of somite is also 
— 
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following a rostrocaudal direction during embryonic development. Therefore, 
sacral NCC located in more rostral regions started their migration earlier than 
those in more caudal regions, resulting in a comparatively longer migration 
distance. At around the 30^ to 34^ somite stages, the pioneer sacral NCC 
migrated further in more caudal regions, and the number of migrating sacral 
NCC was also increased in more caudal regions. The number of labelled cells 
usually peaked at around the 27- to 29-somite axial levels. It appeared that sacral 
NCC within these regions were more numerous, and more capable of migrating 
to some more ventral positions and more likely to be able to reach the hindgut. 
This becomes possible because sacral NCC at more rostral regions (i.e. 24- to 
26-somite axial levels) might stay in the region of the dorsal root ganglia, 
presumably giving rise to cells of dorsal root ganglia. Furthermore, apart from 
the cell-autonomous properties of the neural crest cells themselves, the 
microenvironment through which they migrate might have changed in the caudal 
regions (27 to 29-somite axial levels), becoming more permissive to cell 
migration and proliferation, since microenvironment might also affect the 
migration of neural crest cells (Young et al., 2001). In fact, the mesenchymal 
region between the hindgut and the neural tube gradually become shorter at the 
axial levels caudal to somite 27 and the hindgut ends at around the 30-somite 
axial level, where the anus is formed. Hence, it is postulated that sacral NCC 
— 
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originated at the 27- to 29-somite axial levels migrate dorsoventrally towards the 
hindgut through the shortest distance. 
When the migration pathways were examined, it was found that the majority 
of sacral NCC migrated along a dorsomedial pathway extending between the 
somite and the neural tube, while a few of them followed the intersomitic 
pathway lying between two successive somites. In contrast, no sacral NCC were 
found migrating along the dorsolateral pathway, which presumably lies between 
the somite and the surface ectoderm. It may be possible that sacral NCC 
following this pathway initiate cell migration only after El0.5，the time point 
beyond which whole embryo culture can no longer support the normal 
development of mouse embryos in vitro. In fact, neural crest cells following this 
pathway would eventually differentiate into pigment cells, including 
melanophores, iridophores and xanthophores (Erickson and Reedy, 1998; Vaglia 
and Hall, 2000). 
In Dom mouse embryos, migration pattern of sacral NCC in +/+ embryos 
was similar to those observed in ICR mouse model, and the majority of the 
labelled cells migrated along the dorsomedial pathway. Moreover, migration 
pattern of sacral NCC in Dom/Dom and Dom/+ mouse embryos was also 
comparable to those observed in the +/+ mouse embryo. In other words, the 
majority of the sacral NCC in all genotypes of the Dom mouse model migrated 
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along a dorsomedial pathway towards the hindgut. In fact，Dom mouse is 
characterized by aganglionosis in the varied length of hindgut due to SoxlO 
mutation (Lane and Liu, 1984). Nevertheless, SoxlO expression was still 
apparent at E9.5 (Southard-Smith et al., 1998)，but was down-regulated at El0.5 
and completely silenced at El 1.5 in Dom/Dom mouse embryo (Southard-Smith 
et al., 1998). Meanwhile, Dom mouse embryos were most isolated and cultured 
at E9.5 and therefore aberrant migration pattern was not observed in either 
Dom/+ or Dom/Dom mouse embryos. 
In contrast to the similarity among the migration patterns of sacral NCC in 
different genotypes of Dom mouse embryos, the number of sacral NCC migrated 
from the neural crest was the highest in +/+ embryos and significantly reduced in 
Dom/+ and Dom/Dom embryos, and the number of migrated labelled cells was 
the lowest in Dom/Dom embryos. The reduced number of migrating crest cells 
may possibly due to the increased number of apoptotic cells along the migration 
pathway from the neural tube to the hindgut in the Dom/Dom mouse embryos 
(Kapur, 1999; Paratore et al., 2001; Southard-Smith et a l , 1998). Another 
postulation is that changes in the microenvironment in the mesenchymal region 
of Dom/+ and Dom/Dom mouse embryos before their entry to the hindgut 
(Mershon., 1997; von Boyen et a l , 2002) might affect their cell proliferation 
ability. Considering SoxlO is involved in the Ret signaling pathway by 
— 
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interacting with EDNRB to enhance NCC proliferation (Barlow et al., 2003; 
Kruger et al.，2003), the down-regulation of SoxlO might therefore disrupt the 
normal cell division of sacral NCC，and thus resulting in a reduced number of 
migrating cells to the hindgut. 
Throughout the studies, the early migration pattern of sacral neural crest 
cells in normal and Dom mouse was studied. Nevertheless, there is still work to 
be followed up. Due to the limitation of the whole embryo culture system, the 
migration of sacral NCC later than El0.5 becomes unable to be traced. To solve 
this problem, it is suggested that embryos after cultured to El0.5 are 
immediately harvested, followed by the dissection of the hindgut with mesentry 
surrounding the dorsal aorta attached to it. The hindgut explant is then cultured 
with an organ culture system (Heam et al.，1999; Young et al., 2004). In this case, 
by using suitable labelling marker such as Dil, it is hoped that the entire 
migration pathway of the sacral NCC can then be traced after they has entered 




Preparation of Dulbecco^s Phosphate Buffered Saline (FBI) 
Composition 
Component Quantity (g/L) 
PBS (Cat no. 21600) 1 Pack 
MgCl2 (anhydrate) or MgCh.SHzO (M.W. 203.30) 0.047 
Phenol Red 0.005 
D-Glucose 
Sodium Pyruvate 0.036 
BSA ^ 
~CaCl2 0.10 
1. Chemicals listed above were dissolved with 600ml double distilled water. 
2. pH was adjusted to 7.3. 
3. Solution was topped up to IL by double distilled water, followed up by 
filtration using a 0.22 |xm filter membrane. 
Appendix B 
Preparation of paraformaldehyde fixative 
1. 4 g of paraformaldehyde was added to 100ml of PBS. 
2. Solution was heated up to 60°C with constant stirring until it became clear. 




IPX PBS for immunohistochemical staining 
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Chemicals listed above were dissolved and topped up to IL by double distilled 




Preparation of chemically defined culture medium 
Component Quantity (g/L) 
NaCl ^ 







1. Chemicals listed above were dissolved and topped up to IL by double 
distilled water. 
2. pH of the solution was adjusted to 7.2. 
3. Osmolarity of the solution was measured by a vapour pressure osmometer 
(Wescor, 5500) at around 270mmol/kg, followed by filtration using a 0.22 
jim filter membrane. 
Appendix 
Appendix E 
Preparation of Carnoy fixative 
Component Volume (%) 
100% Ethanol ^ 
Chloroform 30 
Glacial Acetic Acid 10 
Appendix F 
Preparation of citrate buffer 
1. 7.74 g of Trisodium citrate (BDH) and 8.4 g of citrate acid (BDH) were 
dissolved in 200 ml of distilled water. 
2. pH of the solution was adjusted to 3.5 with the addition of distilled water to 
280 ml. 
3. 2.8 g of hydroquinone (Sigma) was added and mixed by stirring until 
dissolved. 
4. Solution was filtered with filter paper. 
Appendix G 
Preparation of silver lactate solution 
1. 0.44 g of silver lactate power (Fluka) was dissolved in 60 ml distilled water. 




Allan IJ and Newgreen DF (1980) The origin and differentiation of enteric 
neurons of the intestine of the fowl embryo. Am JAnat 157: 137-154. 
Amiel J, Attie T, Jan D (1996) Heterozygous endothelin receptor B (EDNRB) 
mutations in isolated Hirschsprung disease. Hum Mol Genet 5: 355-357. 
Angrist M, Bolk S, Halushka M, Lapchak PA, Chakravarti A (1996) Germline 
mutations in glial cell line-derived neurotrophic factor (GDNF) and RET in a 
Hirschsprung disease patient. Nat Genet 14: 341-344. 
Attie T, Pelet A, Edery P, Eng C, Mulligan LM, Amiel J, Boutrand L, Beldjord C, 
Nihoul-Fekete C, Munnich A, Ponder BAJ, Lyoimet S (1995) Diversity of RET 
proto-oncogene mutations in familial and sporadic Hirschsprung disease. Hum 
Mol Genet A: 1381-1386. 
Baetge G, Pintar JE, Gershon MD (1990) Transiently catecholaminergic (TC) 
cells in the bowel of the fetal rat: precursors of noncatecholaminergic enteric 
neurons. Dev Biol 141: 353-380. 
Barlow A, de Graaff E, Pachnis V (2003) Enteric nervous system progenitors are 
coordinately controlled by the G protein-coupled receptor EDNRB and the 
receptor tyrosine kinase RET. Neuron 40: 905-916. 
Baynash AG, Hosoda K, Giaid A, Richardson J A, Emoto N, Hammer RE, 
Yanagisawa M (1994) Interaction of endothelin-3 with endothelin-B receptor is 
essential for development of neural crest-derived melanocytes and enteric 
neurons: missense mutation of endthelin-3 gene in lethal spotting mice. Cell 79: 
1277-1285. 
Beck F，Lloyd JB，Griffiths A (1967) A histochemical and biochemical study of 
some aspects of placental function in the rat using maternal injection of 
horseradish peroxidase. JAnat 101: 461-478. 
Bidaud C, Salomon R, Van Camp G, Pelet A, Attie T, Eng C, Bonduelle M, 
Amiel J, Nihoul-Fekete C，Willems PJ, Munnich A, Lyonnet S (1997) 
Endothelin-3 gene mutations in isolated and syndromic Hirschsprung disease. 
245 
Reference 
Eur J Hum Genet 5: 247-251. 
Bondurand N, Kobetz A, Pingault V, Lemort N, Encha-Razavi F, Couly G, 
Goerich DE, Wegner M，Abitbol M, Goossens M (1998) Expression of the 
SOXIO gene during human development. FEBS Lett 432: 168-172. 
Bondurand N, Kuhlbrodt K, Pingault V，Enderich J, Sajus M, Tommerup N， 
Warburg M, Hennekam RC, Read AP, Wegner M, Warburg M, Hennekam RC, 
Read AP, Wegner M, Goossens M (1999) A molecular analysis of the yemenite 
deaf-blind hypopigmentation syndrome: SOXIO dysfunction causes different 
neurocristopathies Hum, Mol. Genet 8: 1785-1789. 
Bossing T, Technau GM (1994) The fate of the CNS midline progenitors in 
Drosophila as revealed by a new method for single cell labelling. Development 
120: 1895-906. 
Brand M, Le Moullec JM, Corvol P, Gasc JM (1998) Ontogeny of endothelins-1 
and -3, their receptors, and endothelin converting enzyme-1 in the early human 
Qmhryo. J Clin Invest 101: 549-559. 
Britsch S, Goerich DE, Riethmacher D, Peirano RI，Rossner M, Nave KA, 
Birchmeier C, Wegner M (2001) The transcription factor SoxlO is a key 
regulator of peripheral glial development. Genes Dev 15: 66-78. 
Britsch S, Li L, Kirchhoff S, Theuring F, Brinkmann V，Birchmeier C, 
Riethmacher D (1998) The ErbB2 and ErbB3 receptors and their ligand, 
neuregulin-1, are essential for development of the sympathetic nervous system. 
Genes Dev \2. 1825-1836. 
Brizzolara A, Torre M, Favre A, Prato AP, Bocciardi R, Martucciello G (2004) 
Histochemical Study of Dom Mouse: A Model for Waardenburg-Hirschsprung's 
Phenotype. JPediatr Surg 39: 1098-1103. 
Bronner-Fraser M (1986) Analysis of the early stages of trunk neural crest 
migration in avian embryos using monoclonal antibody HNK-1. Dev Biol 115: 
44-55. 
Brookes SJ (2001) Classes of enteric nerve cells in the guinea-pig small intestine. 
AnatRec 262: 58-70. 
246 
Reference 
Bums AJ (2005) Migration of neural crest-derived enteric nervous system 
precursor cells to and within the gastrointestinal tract. Int J. Dev. Biol 49: 
143-150. 
Bums AJ, Champeval D, Le Douarin NM (2000) Sacral neural crest cells 
colonise aganglionic hindgut in vivo but fail to compensate for lack of enteric 
ganglia. DevBiol 2\9. 30-43. 
Bums AJ, Delalande JM, Le Douarin NM (2002) In ovo transplantation of 
enteric nervous system precursors from vagal to sacral neural crest results in 
extensive hindgut colonization. Development 129: 2785-2796. 
Bums AJ and Douarin NM (1998) The sacral neural crest contributes neurons 
and glia to the post-umbilical gut: spatiotemporal analysis of the development of 
the enteric nervous system. Development 125: 4335-4347. 
Bums AJ and Le Douarin NM (2001) Enteric nervous system development: 
analysis of the selective developmental potentialities of vagal and sacral neural 
crest cells using quail-chick chimeras. Anat Rec 262: 16-28. 
Bums AJ, Lomax AE, Torihashi S, Sanders KM, Ward SM (1996) Interstitial 
cells of Cajal mediate inhibitory neurotransmission in the stomach. Proc Natl 
AcadSci USA 93: 12008-12013. 
Cacalano G, Farinas I，Wang LC，Hagler K, Forgie A, Moore M, Armanini M, 
Phillips H, Ryan AM, Reichardt LF, Hynes M, Davies A，Rosenthal A (1998) 
GFRalphal is an essential receptor component for GDNF in the developing 
nervous system and kidney. Neuron 21: 53-62. 
Cass DT, Zhang AL, Morthorpe J (1992) Aganglionosis in rodents. J Pediatr 
Surg 27: 351-355, discussion 355-356. 
Chakravarti A (1996) Endothelin receptor-mediated signaling in hirschsprung 
disease. Hum Mol Genet 5: 303-307. 
Chakravarti A (2001) Hirschsprung's disease. The metabolic and molecular 
bases of inherited diseases (eds Scriver CR, Beaudet AL, Valle D, Sly WS, 
Childs B，Kinzler K, Vogelstein B) pp 6231-6255 McGraw-Hill, New York. 
247 
Reference 
Chan AO，Dong M, Wang L, Chan WY (2005) Somite as a morphological 
reference for staging and axial levels of developing structures in mouse embryos. 
NeuroembryolAging 3: 102-110. 
Chan WY, Cheung CS, Yung KM, Copp AJ (2004) Cardiac neural crest of the 
mouse embryo: axial level of origin, migratory pathway and cell autonomy of the 
splotch (Sp2H) mutant effect. Development 131: 3367-79. 
Chan WY, Tarn PP (1988) A morphological and experimental study of the 
mesencephalic neural crest cells in the mouse embryo using wheat germ 
agglutinin-gold conjugate as the cell marker. Development 102: 427-42. 
Ciment G and Weston JA (1983) Enteric neurogenesis by neural crest-derived 
branchial arch mesenchymal cells. Nature 305: 424-427. 
Cockroft DL (1990) Dissection and culture of postimplantation embryos, in 
Postimplantation Mammalian EmbryoS Practical Approach (Copp AJ and 
Cockroft DL.，eds), IRL, Oxford. Pp: 15-40. 
Copp AJ (1985) Relationship between timing of posterior neuropore closure and 
development of spinal neural tube defects in mutant (curly tail) and normal 
mouse embryos in culture. JEmbryol Exp Morphol 88: 39-54. 
Copp AJ, Seller MJ, Polani PE (1982) Neural tube development in mutant (curly 
tail) and normal mouse embryos: the timing of posterior neuropore closure in 
vivo and in vitro. J Embryol Exp Morphol 69: 151-167. 
Costa M, Brookes SJ, Steele PA, Gibbins I, Burcher E，Kandiah CJ (1996) 
Neurochemical classification of myenteric neurons in the guinea-pig ileum. 
Neuroscience 75: 949-967. 
Deuchar EM (1971) The mechanism of axial rotation in the rat embryo: an 
experimental study in vitro. J, Embryol Exp. Morphol 25: 189-201. 
Deuchar EM (1976) Regeneration of amputated limb-buds in early rat embryos. 
J. Embryol Exp. Morphol 35 : 345-354. 
Dickinson DP, Machnicki M, Ali MM, Zhang Z, Sohal GS (2004) Ventrally 
248 
Reference 
emigrating neural tube (VENT) cells: a second neural tube-derived cell 
population. JAnat 205: 79-98. 
Doray B, Salomon R, Amiel J, Pelet A，Touraine R, Billaud M, Attie T, Bachy B, 
Munnich A, Lyonnet S (1998) Mutation of the RET ligand, neurturin, supports 
multigenic inheritance in Hirschsprung disease. Hum Mol Genet 7: 1449-1452. 
Downs KM and Gardner RL (1995) An investigation into early placental 
ontogeny: allantoic attachment to the chorion is selective and 
developmentally-regulated. Development 121: 407-416. 
Durbec PL, Larsson-Blomberg LB, Schuchardt A, Costantini F, Pachnis V (1996) 
Common origin and developmental dependence on c-ret of subsets of enteric and 
sympathetic neuroblasts. Development 122: 349-358. 
Edery P, Lyonnet S，Mulligan LM, Pelet A, Dow E, Abel L, Holder S, 
Nihoul-Fekete C, Ponder BA, Munnich A (1994) Mutations of the RET 
proto-oncogene in Hirschsprung's disease. Nature 367: 378-380. 
Edery P, Pelet A, Mulligan LM, Abel L, Attie T, Dow E, Bonneau D, David A, 
Flintoff W, Jan D, et al. (1994) Long segment and short segment familial 
Hirschsprung's disease: variable clinical expression at the RET locus. J Med 
Genet 31:602-606. 
Enomoto H, Araki T, Jackman A, Heuckeroth RO, Snider WD, Johnson EM Jr, 
Milbrandt J (1998) GFR alpha 1-deficient mice have deficits in the enteric 
nervous system and kidneys. Neuron 21: 317-324. 
Epstein ML, Mikawa T, Brown AM, McFarlin DR (1994) Mapping the origin of 
the avian enteric nervous system with a retroviral marker. Dev Dyn 201: 
236-244. 
Erickson CA and Goins TL (2000) Sacral neural crest cell migration to the gut is 
dependent upon the migratory environment and not cell-autonomous migratory 
properties. DevBiol2\9. 79-97. 
Erickson CA, Loring JF, Lester SM (1989) Migratory pathways of 




Fontaine J (1979) Multistep migration of calcitonin cell precursors during 
ontogeny of the mouse pharynx. Gen Comp Endocrino 37: 81-92. 
Fukiishi Y, Morriss-Kay GM (1992) Migration of cranial neural crest cells to the 
pharyngeal arches and heart in rat embryos. Cell Tissue Res 268:1-8. 
Fumess JB (2000) Types of neurons in the enteric nervous system. JAuton Nerv 
_ 81: 87-96. 
Fumess JB, Johnson PJ, Pompolo S, Bornstein JC (1995) Evidence that enteric 
motility reflexes can be initiated through entirely intrinsic mechanisms in the 
guinea-pig small intestine. Neurogastroenterol Motil 7: 89-96. 
Galligan JJ, LePard KJ, Schneider DA, Zhou X (2000) Multiple mechanisms of 
fast excitatory synaptic transmission in the enteric nervous system. JAuton Nerv 
5^5^81:97-103 
Gannon BJ, Noblet HR, Bumstock G. (1969) Adrenergic innervation of bowel in 
Hirschprung disease. BMJI 338-340. 
Gariepy CE, Williams SC，Richardson JA, Hammer RE, Yanagisawa M (1998) 
Transgenic expression of the endothelin-B receptor prevents congenital intestinal 
aganglionosis in a rat model of Hirschsprung disease. J Clin Invest 102: 
1092-1101. 
Gershon MD (1997) Genes and lineages in the formation of the enteric nervous 
system. Curr Opin Neurobiol 7: 101-109. 
Gershon MD, Chalazonitis A, Rothman TP (1993) From neural crest to bowel: 
development of the enteric nervous system. J Neurobiol 24: 199-214. 
Giaroni C, De Ponti F, Cosentino M, Lecchini S, Frigo G (1999) Plasticity in the 
enteric nervous system. Gastroenterology 117: 1438-1458. 
Hall BK (1999) The neural crest in development and evolution: Springer. 
Ream CJ, Murphy M, Newgreen D (1998) GDNF and ET-3 differentially 




Heam CJ, Newgreen D (2000) The sacral neural crest contribution to the avian 
enteric nervous system is independent of vagal neural crest cells. Dev Dyn 218: 
525-530. 
Heam CJ, Young HM, Ciampoli D, Lomax AE, Newgreen D (1999) Catenary 
cultures of embryonic gastrointestinal tract support organ morphogenesis, 
motility, neural crest cell migration, and cell differentiation. Dev Dyn 214: 
239-47. 
Henderson CE, Phillips HS, Pollock RA (1994) GDNF: a potent survival factor 
for motoneurons present in peripheral nerve and muscle. Science 266: 
1062-1064. 
Herbarth B, Pingault V, Bondurand N, Kuhlbrodt K, Hermans-Borgmeyer I, 
Puliti A, Lemort N, Goossens M, Wegner M (1998) Mutation of the Sry-related 
SoxlO gene in Dominant megacolon, a mouse model for human Hirschsprung 
disease. Proc Natl Acad Sci USA 95: 5161-5165. 
Heuckeroth RO, Enomoto H, Grider JR, Golden JP, Hanke J A, Jackman A, 
Molliver DC, Badget ME, Snider WD, Johnson EM, Milbrandt J (1999) Gene 
targeting reveals a critical role for neurturin in the development and maintenance 
of enteric, sensory and parasympathetic neurons. Neuron 22: 253-263. 
Hofstra RM, Osinga J, Buys CH (1997) Mutations in Hirschsprung disease: 
when does a mutation contribute to the phenotype. Eur J Hum Genet 5: 
180-185. 
Hofstra RM, Valdenaire 0，Arch E, Osinga J, Kroes H, LoZer BM, Hamosh A， 
Meijers C, Buys CH (1999) A loss-of-function mutation in the 
endothelin-converting enzyme 1 (ECE-1) associated with Hirschsprung disease, 
cardiac defects, and autonomic dysfunction. Am J Hum Genet 64: 304-308. 
Hogan BL, Blessing M, Winnier GE, Suzuki N, Jones CM (1994) Growth factors 
in development: the role of TGF-beta related polypeptide signalling molecules in 
embryogenesis. Dev Suppl 53-60. Review. 
Holschneider AM, Puri P (2000) Hirschsprung's Disease and Allied Disorders. 
251 
Reference 
Ryde, New South Wales, Australia: Harwood Academic Publishers. 
Homma S，Oppenheim RW, Yaginuma H, Kimura S (2000) Expression pattern of 
GDNF, c-ret, and GFRa suggests novel roles for GDNF ligands during early 
organogenesis in the chick embryo Dev Biol 217: 121-137. 
Hosoda K, Hammer RE, Richardson JA, Hammer RE, Yanagisawa M (1994) 
Targeted and natural (piebald-lethal) mutations of endothelin-B receptor gene 
produce megacolon associated with spotted coat color in mice. Cell 79: 
1267-1276. 
Inoue K, Shimotake T, Iwai N (2000) Mutational analysis of RET/GDNF/NTN 
genes in children with total colonic aganglionosis with small bowel involvement. 
Am J Med Genet 93: 278-284. 
Inoue K, Tanabe Y, Lupski JR (1999) Myelin deficiencies in both the central and 
the peripheral nervous systems associated with a SOX 10 mutation. Ann, Neurol 
46:313-318. 
Jessen KR, Mirsky R (1980) Glial cells in the enteric nervous system contain 
glial fibrillary acidic protein. Nature 286: 736-737. 
Jessen KR, Thorpe R, Mirsky R (1984) Molecular identity, distribution and 
heterogeneity of glial fibrillary acidic protein: an immunoblotting and 
imunohistochemical study of Schwann cells, satellite cells, enteric glial and 
astrocytes. JNeurocytol 13: 187-200. 
Kapur RP (1993) Contemporary approaches toward understanding the 
pathogenesis of Hirschsprung disease. Pediatr Pathol 13: 83-100. 
Kapur RP (1999) Early death of neural crest cells is responsible for the total 
enteric aganglionosis in SoxlO (Dom)/Sox 10(Dom) mouse embryos. Pediatr 
Dev Pathol 2. 559-569. 
Kapur RP (2000) Colonization of the murine hindgut by sacral crest-derived 
neural precursors: experimental support for an evolutionarily conserved model 
Dev Biol 111-. 146-155. 
Kapur RP，Sweetser DA, Doggett B, Siebert JR, Palmiter RD (1995) Intercellular 
signals downstream of endothelin receptor-B mediate colonization of the large 
252 
Reference 
intestine by enteric neuroblasts. Development 121: 3787-3795. 
Kapur RP, Yost C, Palmiter RD (1992) A transgenic model for studying 
development of the enteric nervous system in normal and aganglionic mice. 
Development 116: 167-175. 
Kaufman MH, Bard JBL (1999) The anatomical basis of mouse development. 
Academic Press. 
Kim J, Lo L, Dormand E，Anderson DJ (2003) SOX 10 maintains multipotency 
and inhibits neuronal differentiation of neural crest stem cells. Neuron 38: 17-31. 
Kniger GM, Mosher JT, Tsai YH, Yeager KJ, Iwashita T, Gariepy CE, Morrison 
SJ (2003) Temporally distinct requirements for endothelin receptor B in the 
generation and migration of gut neural crest stem cells. Neuron 40: 917-929. 
Kuhlbrodt K，Herbarth B, Sock E, Hermans-Borgmeyer I, Wegner M (1998) 
SoxlO, a novel transcriptional modulator in glial cells. JNeurosci 18: 237-250. 
Kulesa PM, Fraser SE (2002) Cell dynamics during somite boundary formation revealed by time-lapse analysis. Science 298: 991-995. 
Lahav R, Ziller C, Dupin E. Le Douarin NM (1996) Endothelin 3 promotes 
neural crest cell proliferation and mediates a vast increase in melanocyte number 
in culture. Proc Natl Acad Sci USA 93: 3892-3897. 
Lane PW (1966) Association of megacolon with two recessive spotting genes in 
the mouse. JHered 57: 28-31. 
Lane PW and Liu HM (1984) Association of megacolon with a new dominant 
spotting gene (Dom) in the mouse. J. Hered 75: 435-439. 
Lay JM, Gillespie PJ，Samuelson LC (1999) Murine prenatal expression of 
cholecystokinin in neural crest, enteric neurons, and enterochromaffm cells. Dev 
Dyn2\6: 190-200. 
Le Douarin NM, Kalcheim C (1999) The Neural Crest Cambridge University 
Press, Cambridge 
Le Douarin NM, Teillet MA (1973) The migration of neural crest cells to the 
253 
Reference 
wall of the digestive tract in avian embryo. J Embryol Exp Morphol 30: 31-48. 
Le Douarin NM, Teillet MA (1974) Experimental analysis of the migration and 
differentiation of neuroblasts of the autonomic nervous system and of 
neurectodermal mesenchymal derivatives, using a biological cell marking 
technique./)沙历V?/41: 162-184. 
Lee HO, Levorse JM, Shin MK (2003) The endothelin receptor-B is required for 
the migration of neural crest-derived melanocyte and enteric neuron precursors. 
Dev Biol 259: 162-175. 
Leibl MA, Ota T, Woodward MN (1999) Expression of endothelin 3 by 
mesenchymal cells of embryonic mouse caecum. Gut 44: 246-252. 
Lin LF，Doherty DH,Lile JD, Bektesh S，Collins (1993) GDNF: a glial cell 
line-derived neurotrophic factor for hindbrain dopaminergic neurons. Science 
260:1130-1132. 
Liu MT, Rothstein JD, Gershon MD, Kirchgessner AL (1997) Glutamatergic 
enteric neurons. JNeurosci 17: 4767-4784. 
Luckensmeyer GB, Keast JR (1998) Projections of pelvic autonomic neurons 
within the lower bowel of the male rat. Neuroscience 84: 263-280. 
Lurie IW, Supovitz KR, Rosenblum-Vos LS, Wulfsberg EA (1994) Phenotypic 
variability of del(2) (q22-q23): report of a case with a review of the literature. 
Genet Couns 5: 11-14. 
Maxwell GD (1976) Cell cycle changes during neural crest cell differentiation in 
witro. Dev Biol 49: 66-79. 
Meijers JH, Tibboel D, van der Kamp AW, van Haperen-Heuts IC and Molenaar 
JC (1989) A model for aganglionosis in the chicken embryo. J Pediatr Surg 24: 
557-561. 
Moore MW, Klein RD, Farinas I, Sauer H, Armanini M, Phillips H, Reichardt LF, 
Ryan AM, Carver-Moore K, Rosenthal A (1996) Renal and neuronal 
abnormalities in mice lacking GDNF. Nature 382: 76-79. 
254 
Reference 
Muneoka K, Wanek N, Trevino C, Bryant SV (1990) Exo utero surgery, in 
Postimplantation Mammalian Embryo-S Practical Approach (Copp AJ and 
Cockroft DL., eds), IRL, Oxford. Pp: 41-59. 
Nataf V, Amemiya A, Yanagisawa M, Le Douarin NM (1998) The expression 
pattern of endothelin 3 in the avian embryo. Mech Dev 73: 217-220. 
Natarajan D, Marcos-Gutierrez C, Pachnis V, de GraaffE (2002) Requirement of 
signalling by receptor tyrosine kinase RET for the directed migration of enteric 
nervous system progenitor cells during mammalian embryogenesis. 
Development 129: 5151-5160. 
New DA (1978) Whole-embryo culture and the study of mammalian embryos 
during organogenesis. BioLRev 53: 81-122. 
New DA, Coppola PT (1977) Development of a placental blood circulation in rat 
embryos in vitro. JEmbryolExp Morphol 37(l):227-35. 
Newgreen DF, Jahnke I, Allan IJ, Gibbins IL (1980) Differentiation of 
sympathetic and enteric neurons of the fowl embryo in grafts to the 
chorio-allantoic membrane. Cell Tissue Res 208: 1-19. 
Newgreen DF (1992) Establishment of the form of the peripheral nervous system. 
In: Hendry lA, Hill CE，eds. Development, Regeneration and Plasticity of the 
Autonomic Nervous System Switzerland: Harwood Academic Publishers, 1-94. 
Nicholas JS and Rudnick D (1934) The development of rat embryos in tissue 
culture. Proc. Natl. Acad, Sci USA 20: 656-658. 
Nicholas JS and Rudnick D (1938) Development of the rat embryos of egg 
cylinder to head-foldstages in plasma cultures. J Exp. Zool 78: 205-232. 
Nishijima E, Meijers JH, Tibboel D，Luider TM，Peters-van der Sanden MM, van 
der Kamp AW, Molenaar JC (1990) Formation and malformation of the enteric 
nervous system in mice: an organ culture study. J Pediatr Surg 2: 627-631. 
Pachnis V, Mankoo B, Costantini F (1993) Expression of the c-ret 
proto-oncogene during mouse embryogenesis. Development 119: 1005-1017. 
255 
Reference 
Paratore C，Eichenberger C, Suter U, Sommer L (2002) SoxlO 
haploinsufficiency affects maintenance of progenitor cells in a mouse model of 
Hirschsprung disease. Hum Mol Genet 11: 3075-3085. 
Pattyn A, Morin X, Cremer H，Goridis C, Brunet JF (1997) Expression and 
interactions of the two closely related homeobox genes Phox2a and Phox2b 
during neurogenesis. Development 124: 4065-4075. 
Pattyn A, Morin X, Cremer H, Goridis C, Brunet JF (1999) The homeobox gene 
Phox2b is essential for the development of autonomic neural crest derivatives. 
Nature 399: 366-370. 
Peters-van der Sanden MJ, Kirby ML, Gittenberger-de Groot A, Tibboel D, 
Mulder MP, Meijers C (1993). Ablation of various regions within the avian vagal 
neural crest has differential effects on ganglion formation in the fore-, mid- and 
hindgut. Dev Dyn 196: 183-194. 
Pichel JG，Shen L, Sheng HZ, Granholm AC，Drago J, Grinberg A, Lee EJ, 
Huang SP, Saarma M, Hoffer BJ, Sariola H，Westphal H (1996) Defects in 
enteric innervation and kidney development in mice lacking GDNF. Nature 382: 
73-76. 
Pingault V, Bondurand N, Kuhlbrodt K, Goerich DE，Prehu MO, Puliti A， 
Herbarth B, Hermans-Borgmeyer I，Legius E, Matthijs G, Amiel J, Lyonnet S, 
Ceccherini I, Romeo G, Smith JC, Read AP，Wegner M, Goossens M (1998) 
SOX 10 mutations in patients with Waardenburg-Hirschsprung disease. Nat 
Genet 18: 171-173. 
Pingault V，Guiochon-Mantel A, Bondurand N, Faure C, Lacroix C, Lyonnet S, 
Goossens M, Landrieu P (2000) Peripheral neuropathy with hypomyelination, 
chronic intestinal pseudo-obstruction and deafness: a developmental 'neural crest 
syndrome' related to a SOXIO mutation. Ann, Neurol 48: 671-676. 
Pingault V, Puliti A，Prehu MO, Samadi A, Bondurand N, Goossens M (1997) 
Human homology and candidate genes for the dominant megacolon locus, a 
mouse model of Hirschsprung disease. Genomics 39: 86-89. 
Pomeranz HD, Gershon MD (1990) Colonization of the avian hindgut by cells 
derived from the sacral neural crest. Dev Biol 137: 378-394. 
256 
Reference 
Pomeranz HD, Rothman TP，Gershon MD (1991) Colonization of the 
post-umbilical bowel by cells derived from the sacral neural crest: Direct tracing 
of cell migration using an intercalating probe and a replication-deficient 
retrovirus. Development 111: 647-655. 
Porter AJ, Wattchow DA, Brookes SJ, Costa M (1997) The neurochemical 
coding and projections of circular muscle motor neurons in the human colon. 
Gastroenterology 113: 1916-1923 
Powley TL (2000) Vagal input to the enteric nervous system. Gut 47: Suppl 
4:IV30-32. 
Puliti A, Poirier V，Goossens M, Simonneau M (1996) Neuronal defects in 
genotyped dominant megacolon (Dom) mouse embryos, a model for 
Hirschsprung disease. Neuroreport 7: 489-492. 
Puliti A, Prehu MO, Simon-Chazottes D, Ferkdadji L，Peuchmaur M, Goossens 
M, Guenet JL (1995) A high-resolution genetic map of mouse chromosome 15 
encompassing the Dominant megacolon (Dom) locus. Mamm Genome 11: 
763-768. 
Pusch C, Hustert E, Pfeifer D, Sudbeck P，Kist R, Roe B, Wang Z, Balling R, 
Blin N, Scherer G (1998) The SOXlO/SoxlO gene from human and mouse: 
Sequence, expression, and transactivation by the encoded HMG domain 
transcription factor. Hum Genet 103: 115-123. 
Quinlan GA, Williams EA, Tan SS, Tarn PP (1995) Neuroectodermal fate of 
epiblast cells in the distal region of the mouse egg cylinder: implication for body 
plan organization during early embryogenesis. Development 121: 87-98. 
Rawles ME (1940) The Development of Melanophores from Embryonic Mouse 
Tissues Grown in the Coelom of Chick Embryos. Proc Natl Acad Sci USA 15: 
‘ 673-680. 
Reding R, de Ville de Goyet J, Gosseye S, Clapuyt P, Sokal E, Buts JP, Gibbs P, 
Otte JB (1997) Hirschsprung's disease: a 20-year experience. J Pediatr Surg 32: 
1221-1225. 
Rickmann M，Fawcett JW, Keynes RJ (1985) The migration of neural crest cells 
257 
� Reference 
and the growth of motor axons through the rostral half of the chick somite. J 
Embryol Exp Morphol 90: 437-55. 
Romeo G, Ronchetto P, Luo Y (1994) Point mutations affecting the tyrosine 
kinase domain of the RET proto-oncogene in Hirschsprung's disease. Nature 367: 
377-378. 
Rossi J, Luukko K, Poteryaev D，Laurikainen A, Sun YF, Laakso T, Eerikainen S, 
Tunominen R, Lakso M, Rauvala H, Arumae U, Pastemack M, Saama M, 
Airaksinen SM (1999) Retarded growth and deficits in the enteric and 
parasympathetic neuron system in mice lacking GFRa2, a functional neurturin 
receptor. Neuron 22: 243-252. 
Rothman TP, Gershon MD (1982) Phenotypic expression in the developing 
murine enteric nervous system. JNeurosci 2: 381-393. 
Ruest LB, Kedzierski R, Yanagisawa M, Clouthier DE (2005) Deletion of the 
endothelin-A receptor gene within the developing mandible. Cell Tissue Res 319: 
447-453. 
Sadler TW (1979) Culture of early mouse embryos during organogenesis. J 
Embryo Exp Morphol 49: 17-26. 
Sadler TW and New DA (1981) Culture of mouse embryos during neumlation. J 
Embryol Exp Morphol 66: 109-116. 
Sakurai T, Yanagisawa M, Masaki T (1992) Molecular characterization of 
endothelin receptors. Trends Pharmacol Sci 13: 103-108. 
Salomon R, Attie T, Pelet A (1996) Germline mutations of the Ret ligand GDNF 
are not sufficient to cause Hirschsprung disease. Nat Genet 14: 345-347. 
“ Sanchez MP, Silo-Santiago I，Frisen J, He B，Lira SA，Barbacid M (1996) Renal 
agenesis and the absence of enteric neurons in mice lacking GDNF. Nature 382: 
70-73. 
Sanders KM (1996) A case for interstitial cells of Cajal as pacemakers and 




Sanyal MK, Naftolin F (1983) In vitro development of the mammalian embryo. J 
Exp Zool 22S: 235-51. 
Schemann M，Reiche D, Michel K (2001) Enteric pathways in the stomach. Anat 
Rec 262: 47-57. 
Schiltz CA, Benjamin J, Epstein ML (1999) Expression of the GDNF receptors 
Ret and GFRalphal in the developing avian enteric nervous system. J Comp 
Neurol 4\4: 193-211. 
Schoenwolf GC, Smith JL (1990) Mechanisms of neumlation: traditional 
viewpoint and recent advances. Development 109: 243-270. 
Schuchardt A, D'Agati V，Larsson-Blomberg L, Costantini F, Pachnis V (1994) 
Defects in the kidney and enteric nervous system of mice lacking the tyrosine 
kinase receptor Ret. Nature 367: 380-383. 
Serbedzija GN，Bronner-Fraser M, Fraser SE (1989) A vital dye analysis of the 
timing and pathways of avian trunk neural crest cell migration. Development 106: 
809-16. 
Serbedzija GN, Bronner-Fraser M, Fraser SE (1992) Vital dye analysis of cranial 
neural crest cell migration in the mouse embryo. Development 116: 297-307. 
Serbedzija GN, Burgan S, Fraser SE, Bronner-Fraser M (1991) Vital dye 
labelling demonstrates a sacral neural crest contribution to the enteric nervous 
system of chick and mouse embryos. Development 111: 857-866. 
Serbedzija GN, Fraser SE, Bronner-Fraser M (1990) Pathways of trunk neural 
crest cell migration in the mouse embryo as revealed by vital dye labelling. 
Development 108: 605-12. 
Shepherd IT and Raper JA (1999) Collapsin-1/semaphorin D is a repellent for 
chick ganglion of Remak axons. Dev BiollM. 42-53. 
Shin MK, Levorse JM, Ingram RS, Tilghman SM (1999) The temporal 
requirement for endothelin receptor-B signalling during neural crest development. 
TVflriir^ 402: 496-501 
259 
Reference 
Smith B (1967) Myenteric plexus in Hirschsprung's disease. Gut 8: 308-312. 
Smith-Thomas LC，Davis JP, Epstein ML (1977) Development of choline 
acetyltransferase and cholinesterase activates in enteric ganglia derived from 
presumptive adrenergic and cholinergic levels of the neural crest. Cell Differ 6: 
199-216. 
Southard-Smith EM, Angrist M, Ellison JS, Agarwala R, Baxevanis AD, 
Chakravarti A, Pavan WJ (1999) The SoxlO(Dom) mouse: modeling the genetic 
variation of Waardenburg-Shah (WS4) syndrome. Genome Res 9: 215-225. 
Southard-Smith EM, Kos L, Pavan WJ (1998) SoxlO mutation disrupts neural 
crest development in Dom Hirschsprung mouse model. Nat Genet 18: 60-64. 
Stewart AL, Anderson RB, Young HM (2003) Characterization of 
lacZ-expressing cells in the gut of embryonic and adult DbetaH-nlacZ mice. J 
Comp Neurol 464: 208-219. 
Sturm K, Tarn PP (1993) Isolation and culture of whole postimplantation 
embryos and germ layer derivatives. Methods Enzymol 225: 164-90. 
Svensson PJ, Von Tell D, Molander ML, Anvret M, Nordenskjoid A (1999) A 
heterozygous frameshift mutation in the endothelin-3 (EDN-3) gene in isolated 
Hirschsprung's disease. Pediatr Res 45: 714-717. 
Tarn PP (1998) Postimplantation mouse development: whole embryo culture and 
micro-manipulation. IntJDev Biol 42: 895-902. 
Tarn PP and Beddington RS (1987) The formation of mesodermal tissues in the 
mouse embryo during gastrulation and early organogenesis. Development 99: 
109-26. 
Teitelbaum DH and Coran AG (2003) Reoperative surgery for Hirschsprung's 
disease. Semin Pediatr Surg 12: 124-131. 
Thuneberg L (1999) One hundred years of interstitial cells of Cajal. Microsc Res 
Tech 47: 223-38. 
260 
Reference 
Tiveron MC, Hirseh MR, Brunei JF (1996) The expression pattern of the 
transcription factor Phox2 delineates synaptic pathways of the autonomic 
nervous system. J Neurosci 16: 7649-7660. 
Tomac AC，Grinberg A, Huang SP (2000) Glial cell line-derived neurotrophic 
factor receptor a l availability regulates glial cell line-derived neurotrophic factor 
signaling: evidence from mice carrying one or two mutated alleles Neuroscience 
95: 1011-1023. 
Touraine RL, Attie-Bitach T, Manceau E, Korsch E, Sarda P, Pingault V, 
Encha-Razavi F, Pelet A，Auge J, Nivelon-Chevallier A, Holschneider AM, 
Mimnes M, Doerfler W, Goossens M, Munnich A, Vekemans M, Lyonnet S 
(2000) Neurological phenotype in Waardenburg syndrome type 4 correlates with 
novel SOX 10 truncating mutations and expression in developing brain. Anu 
Hunt Genet 66: 1496-1503. 
Trainor PA, Tarn PP (1995) Cranial paraxial mesoderm and neural crest cells of 
the mouse embryo: co-distribution in the craniofacial mesenchyme but distinct 
segregation in branchial arches. Development 121: 2569-82. 
Trainor PA，Tan SS, Tarn PP (1994) Cranial somitomeres: regionalization of cell 
fate and impact on craniofacial development in mouse embryos. Development 
120: 2397-2408. 
Trudrung P, Fumess JB, Pompolo S, Messeger JP (1994) Locations and 
chemistries of sympathetic nerve cells that project to the gastrointestinal tract 
and spleen. Arch Histol Cytol 57: 139-150. 
Tucker GC, Aoyama H, Lipinski M, Tursz T, Thiery JP (1984) Identical 
reactivity of monoclonal antibodies HNK-1 and NC-1: conservation in 
vertebrates on cells derived from the neural primordium and on some leukocytes. 
Cell Differ 14: 223-230. 
Tucker GC, Ciment G, Thiery JP (1986) Pathways of avian neural crest cell 
migration in the developing gut. Dev Biol 116: 439-450. 
Tucker GC, Delarue M, Zada S, Boucaut JC, Thiery JP (1988) Expression of the 




Valarche I, Tissier-Seta JP, Hirsch MR, Martinez S, Goridis C, Brunet JF (1993) 
The mouse homeodomain protein Phox2 regulates Ncam promoter activity in 
concert with Cux/CDP and is a putative determinant of neurotransmitter 
phenotype. Development 119: 881-896. 
Vanner S， Surprenant A (1996) Neural reflexes controlling intestinal 
microcirculation yi/w J Physiol 271: 223-230. 
von Boyen GB, Reinshagen M, Steinkamp M, Adler G, Kirsch J (2002) Enteric 
nervous plasticity and development: dependence on neurotrophic factors. J 
Gastroenterol 37: 583-588. 
Ward SM，Beckett EA, Wang S, Baker F, Khoyi M, Sanders KM (2000) 
Interstitial cell of Cajal mediate choinergic neurotransmission from enteric motor 
neurons. J Neurosci 20: 1393-1403. 
Ward SM, Sanders KM (2001) Interstitial cell of Cajal: primary targets of enteric 
motor innervation. Anat Rec 262: 125-135. 
Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi M, Mitsui Y， 
Yazaki Y，Goto K, Masaki T (1998) A novel potent vasoconstrictor peptide 
produced by vascular endothelial cells. Nature 332: 411-415. 
Yntema CL, Hammond WS (1954) The origin of intrinsic ganglia of trunk 
viscera from vagal neural crest in the chick embryo. J CompNeurol 101: 
515-541 
Young HM, Bergner AJ, Anderson RB, Enomoto H，Milbrandt J, Newgreen DF, 
Whitington PM (2004) Dynamics of neural crest-derived cell migration in the 
embryonic mouse gut. Dev Biol 270: 455-473. 
‘ Young HM, Ciampoli D，Hsuan J, Canty AJ (1999) Expression of Ret-， 
p75(NTR)-, Phox2a-, Phox2b-, and tyrosine hydroxylase-immunoreactivity by 
undifferentiated neural crest-derived cells and different classes of enteric neurons 
in the embryonic mouse gut. Dev Dyn 216: 137-152. 
Young HM, Ciampoli D, Southwell BR, Newgreen DF (1996) Origin of 
interstitial cells of Cajal in the mouse intestine. Dev Biol 180: 97-107. 
262 
Reference 
Young HM, Heam CJ, Farlie PG, Canty AJ, Thomas PQ, Newgreen DF (2001) 
GDNF is a chemoattractant for enteric neural cells. Dev Biol 229: 503-516. 
Young HM, Heam CJ, Ciampoli D, Southwell BR, Brunet JF, Newgreen DF 
(1998) A single rostrocaudal colonization of the rodent intestine by enteric 
neuron precursors is revealed by the expression of Phox2b, Ret, and p75 and by 
explants grown under the kidney capsule or in organ culture. Dev Biol 202: 
67-84. 
Young HM and Newgreen D (2001) Enteric neural crest-derived cells: origin, 
identification, migration, and differentiation. Anat Rec 262: 1-15. 
263 
.  . 
.  I 































;  /  ..
. 
’.











-  .  -  V  ..
 











CUHK Libraries - MiimMii 
0 0 4 4 3 9 9 2 7 
